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The aims of this study are to determine the characteristics of the Condor coals and use these 
data to provide a better understanding of the depositional environments of the coals. Seventy- 
two samples from three drill holes that intersected the Lilypool subunit of the Lethebrook unit 
were examined. The Lilypool subunit is part of the Tertiary Hillsborough Basin sequence that 
comprises mostly oil shale with coal, shaly coal and fine-grained clastic sediments.
Petrographically, vitrinite is the dominant maceral group in all samples, with abundances 
ranging from 79% to 94% and an average of 85%. Vitrinite comprises mostly telovitrinite 
(range of 10% to 60%, average of 34%) and detrovitrinite (range of 30% to 70%, average of 
50%) with minor gelovitrinite. Eu-ulminite is the dominant telovitrinite maceral and skeletal 
vitrinite is the dominant detrovitrinite maceral. Corpohuminite is the dominant gelovitrinite 
maceral and commonly is associated with ulminite tissues derived from the cortex of rootlets 
and/or stems.
Liptinite is abundant in all coal and shaly coal samples ranging from 5% to 20% with an 
average of 13%. Liptodetrinite, cutinite, resinite and exsudatinite are the most common liptinite 
macerals with sporinite, suberinite and fluorinite minor macerals. Based on morphology and 
mode of occurrence, five types of exsudatinite have been recognised in Condor samples. Much 
of the exsudatinite appear to be associated with the presumed precursor macerals that are 
vitrinite and liptinite, especially resinite.
Inertinite content of Condor coals is generally very low with sclerotinite the predominant 
inertinite maceral.
Mineral content of the coal and shaly coal generally ranges from 5% to 60% with an average of 
29%. The mineral matter consists predominantly of quartz and clay minerals with minor 
siderite and rare pyrite. Three mineral assemblages are recognised:
- Assemblage A: this assemblage consists of dominantly quartz and a relatively high clay 
mineral content; this assemblage is found in claystone and sandstone.
- Assemblage B: this assemblage consists of co-dominant quartz and clay minerals with 
minor to trace siderite and pyrite; it is found in high ash coal and shaly coals.
- Assemblage C is a clay mineral assemblage consisting predominantly of kaolinite and is 
found in low ash coals.
The Condor coals are of sub-bituminous to high volatile bituminous rank with average vitrinite 
reflectance (Rvmax) values ranging from 0.4% to 0.78%. The reflectance for corpohuminite is
approximately 0.06% to 0.1% higher than that for co-existing eu-ulminite. Vitrinite reflectance 
increases with depth.
The Condor coals developed from wet forest swamp to open marshes in wet, low lying mires 
which developed in a humid tropical to subtropical climate in a fluvio-lacustrine environment. 
The petrographic properties of the coals were principally determined by the type of vegetation 
that in turn, was related to the regional climate. Well-developed mires covered the northwestern 
part of basin and developed from dense growths of plants; the peat mires were subjected to only 
low to moderate mineral inputs. In the southeastern part of basin, the mires were less well- 
developed and the mires were subjected to moderate to high mineral inputs. Plant debris in this 
environment underwent severe alteration due to the intermittent, moderate to high flooding and 
sporadic dry periods, and thus only the high ash coal and shaly coals formed in this area. Much 
of the vitrinite is best termed skeletal vitrinite.
ACKNOWLEDGEMENTS
This research project was conducted in the School of Geosciences, University of Wollongong, 
during a tenured scholarship funded by the Australia International Development Assistance 
Bureau (AusAID).
I wish to express my deep gratitude to my supervisor, Associate Professor Adrian C. Hutton for 
his suggestions, patient guidance, constructive discussion, encouragement and general 
assistance throughout the study.
The author wishes to thank Professor Alan Chivas, Head of School of Geosciences, who 
provided access to all facilities needed to complete the study, and also to all academic staff who 
assisted during this study. I would like to express my sincere gratitude to all technical staff, 
especially Mr. Aivars Depers, Mr. Max Perkins, Mr. Richard Miller and Mr. John Marthick for 
their help.
I wish to thank the management and all staff of Xinjiang Bureau of Geology and Mineral 
Resources, China, for their support and encouragement during my study.
Special appreciation is addressed to Mr. Bruce O’Brien, Ms Michelle Andrew, Ms Kareena 
Rixon, Mr. Anthony Bohm, Mr. Tim McDonald and Ms Kiley Humphreys of AusAID and the 
International Office, University of Wollongong; these training officers and social workers gave 
the author valuable assistance during the study. Also my thanks go to all postgraduate students 
in the School of Geosciences who provided advice during many informal discussion.
Finally, I am indebted to my wife Zhang Pei and son Gan Peilu for their companionship, patient 





LIST OF FIGURES 
LIST OF TABLES 
LIST OF PLATES
CHAPTER ONE - INTRODUCTION 1
1.1 BACKGROUND l
1.2 AIMS OF THIS STUDY 2
1.3 LOCATION 3
1.4 PREVIOUS STUDIES 4
1.5 SUMMARY 6
CHAPTER TWO - ANALYTICAL METHODS 9
2.1 SAMPLE PREPARATION 9
2.2 MICROSCOPIC EXAMINATION 11
2.2.1 Reflectance Measurements 12
2.2.2 Macerai Analyses 13
2.3 MINERALOGY 13
2.3.1 Optical Microscopy 14
2.3.2 X-ray Diffraction 14
2.4 SUMMARY 15
3.1 CONDITIONS OF DEPOSITION 20
3.1.1 Tectonic Settings 20
3.1.2 Palaeobotany 23
3.1.3 Tertiary Climate 26
3.2 AUSTRALIAN TERTIARY COALS 28
3.2.1 Cenozoic Palaeobotanical Records 28
3.2.2 Characteristics of Australian Tertiary Coals 30
3.2.3 Depositional Model for Latrobe Valley Coals 31
3.3 OTHER TERTIARY COALS 37
3.3.1 Rhine Coals 38
3.3.2 Baipao Coals, China 40
3.3.3 Jummu Coals, India 42
3.3.4 Eastern Kalimantan Coals, Indonesia 44
3.4 SUMMARY AND CONCLUSIONS 46
CHAPTER FOUR - COAL FACIES AND DEPOSITIONAL „oJ
ENVIRONMENT
4.1 PEAT-FORMING ENVIRONMENTS 63
4.1.1 Allochthonous Peats/Coals 64
4.1.2 Autochthonous Peats/Coals 65
4.2 COAL FACIES CLASSIFICATION 67
4.3 LITHOTYPE-BASED COAL FACIES INTERPRETATION 69
4.3.1 Brown Coal Lithotypes 70
4.3.2 Black Coal Lithotypes 70
4.3.3 Lithotypes Facies and Depositional Conditions 71
4.4 MACERAL-BASED COAL FACIES INTERPRETATION 74
4.4.1 Facies-Critical Maceral Interpretation 74
4.4.2 Geochemical Significance of the Palaeo-Environment 79
4.4.3 Indices Indicating Tissue Preservation and Groundwater g3
Influence index
4.5 SUMMARY AND CONCLUSIONS 88
CHAPTER THREE - TERTIARY COALS 19
CHAPTER FIVE - CONDOR DEPOSIT 99
5.1 INTRODUCTION 99
5.2 DESCRIPTION AND INTERPRETATION OF OIL SHALE
SEQUENCE 101
5.2.1 Lethebrook Unit 101
5.2.2 Condor Unit 103
5.2.3 Gunyarra Unit 104
5.3 PETROGRAPHY OF CONDOR COALS 105
5.3.1 Maceral Composition 107
5.3.2 Microlithotypes 113
5.4 VITRINITE REFLECTANCE AND COAL RANK 115
5.5 MINERAL MATTER 119
5.6 TRACE ELEMENTS 125
5.7 SUMMARY AND CONCLUSIONS 127
CHAPTER SIX - GENERAL DISCUSSION 161
6.1 THE ORIGIN AND OCCURRENCE OF SIDERITE AND PYRITE 167
6.1.1 Timing of Siderite Precipitation 168
6.1.2 Compositional Zonation 170
6.1.3 Formation of Pyrite 171
6.2 SIGNIFICANCE OF THE FORMATION OF EXSUDATINITE 175
6.3 MACERAL DISTRIBUTION AND COALIFICATION 180
6.4 COMPARISON WITH SOME OTHER TERTIARY COALS 184
6.5 COMPARISON WITH KENTUCKY CANNEL COALS 189
193
6.6 COAL FACIES AND DEPOSITIONAL ENVIRONMENTS
6.6.1 Literature Survey 193
6.6.2 Environment of Deposition of Condor Coals 194
6.6.2.1 Tectonic and Sedimentary Characteristics of the
Hillsborough Basin 195
6.6.2.2 Depositional Environment 197
CHAPTER SEVEN - SUMMARY AND CONCLUSIONS 211
7.1 SUMMARY 211
7.2 CONCLUSIONS 212
7.3 FUTURE WORK 218
REFERENCES 221
APPENDIX 1 PETROGRAPHIC DATA 
APPENDIX 2 VITRINITE REFLECTANCE DATA
LIST OF FIGURES
Page
1- 1 Location and geological sketch map of the onshore portion of the 8
Hillsborough Basin
2- l Spatial distribution o f the drill holes in the Condor deposit 17
31  The climate trend within the Cenozoic 49
3- 2 Relationship between the colour of lithotypes and the presumed 50
environments for Latrobe Valley brown coals o f Australia
3-3 The presumed moor types and the related petrographic composition o f 51
the Miocene Rhine brown coals
3 4 Vertical sequence o f the No.2 seam, district o f Lusatica, Germany 52
4.1 Modem environment o f peat formation showing the components o f a 90
raised mire
4.2 Classification o f hydrological regime by water depth 91
4.3 Facies diagram of mean components of lithotype 92
4.4 Ternary diagram showing suggested peat-forming environments based 92
on maceral assemblages
4.5 Facies diagram of Goodarzi based on the mineral matter and macerals 93
for low rank coals
4.6 Facies diagram of Singh and Singh showing the importance o f mineral 93
matter in the coals
4.7 TPI/GI facies diagram of Diessel showing environments and bulk 94
maceral composition
4.8 GWI/VI palaeoenvironment diagram of Calder showing wetland 95
environments
5.1 Geological map o f the subcrop o f the onshore Hillsborough Basin 131
5.2 Generalized stratigraphic column for the Condor Deposit 132
5.3 Maceral abundance, drill hole CDD 154 133






















Maceral abundance, drill hole CDD 46
Mean maceral composition of Condor samples, grouped by mineral 
abundance
Mean maceral composition of Condor samples, grouped by mineral 
abundance (mineral matter free)
Mean maceral composition of samples from CDD 46
Mean maceral composition of samples from CDD 154
Mean maceral composition of samples from CDD 112
Range of vitrinite reflectance values for Condor samples
Relationship between vitrinite reflectance and depth, Condor samples
Mean mineral abundance in samples as grouped on Figure 5.6
X-ray diffraction pattern for a representative Condor claystone sample
Peak heights of selected minerals in Condor samples
Peak heights of kaolinite
X-ray diffraction pattern of a high ash coal
X-ray diffraction pattern of a low ash coal 
Percentage frequency diagram for quartz and kaolinite
Facies diagram of Condor samples based on the mineral matter and 
macérais
Petrographic composition of selected Tertiary coals from Australia and 
other countries
coals plotted on DiesseFs facies diagram
coals plotted on Calder’s GWI/VI palaeoenvironment diagram
Suggested peat-forming environments for Condor samples













































Australia Standards Association maceral terminology
General seam characteristics of Canadian intermontane and foreland 
basin coals
Brief summary of palynoflora/magaflora taxa in Tertiary coals
Features of Australian Tertiary coals
The lithotype classification for Latrobe Valley brown coals
Analysis of Latrobe Valley brown coals from operating open cuts
Macerals in Latrobe Valley brown coal lithotypes
Maceral analysis of the Yalloum seam
Comparison of maceral groups and mineral contents of Tertiary coals 
Forest swamp types of the main Rhine seam
The classification of black coal lithotypes
Approximate IV and SAL ranges for depositional environments
Summary of petrographic data, Condor coals
Maceral composition of Condor coals grouped by mineral content
Summary of mean vitrinite reflectance for Condor samples
Relative mineral abundance (XRD peak height) for mineral 
assemblages A, B and C
Major element analyses, Condor deposit
Trace element analyses, Condor deposit
Introduction of diagenetic CO2 within different diagenetic zones and 
precipitation of minerals.
Summary of basin type, depositional environment and petrographic 











In the geological record there have been several periods when, on a global scale, climate, 
latitude and tectonic conditions appear to favour the accumulation of thick coal seams. The 
earliest of these cycles was that of the Carboniferous-Permian, followed by similar cycles in 
the Mesozoic and early Tertiary (Parkin, 1975). The widespread distribution of Tertiary coals 
across Europe, Asia, the Americas, Australia and Indonesia are certainly an interesting 
palaeogeographical phenomenon for establishing the tectonic settings and the palaeoclimates 
leading to the formation of these coals.
Tertiary coals form the bulk of the world’s brown coals reserves and also make up a significant 
percentage of the black coals currently mined. Tertiary coals normally are characterised by 
thick seams and have often undergone minimal structural or tectonic change. The rank of coals 
formed during this period range from lignite to anthracite. Tertiary coals are found worldwide 
and are the focus of current exploration and production in some countries as the traditional 
Carboniferous and Permian coalfields become depleted or geologically too difficult to mine.
The distinctive organic facies of brown coals were the result of the interaction of significant 
climatic and tectonic-sedimentary change. Compositional variations within the resultant coal 
deposit, expressed as coal facies variations, are therefore essentially a function of vegetation 
type, water depth (groundwater table height), level of decomposition and rate of accumulation. 
Maceral and mineral assemblage data can be used to access depositional environments during 
the accumulation of the peat. The Gelification Index (GI), Tissue Preservation Index (TPI) and 
Groundwater Influence Index (GWI) have been widely used as the palaeoenvironmental 
indicators for the determination of peat accumulation environment. The Latrobe Valley brown
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coals in Australia and Rhine brown coals in Germany have been analysed in detail and 
sedimentary models have been established for these coals. However, due to the lack of 
systematic organic petrographic studies for Queensland Tertiary coals, a depositional model for 
these coals has not been attempted.
1.2 AIMS OF THIS STUDY
Queensland hosts numerous deposits of brown and black coal, ranging in age from Permian to 
Early Tertiary. These coal resources display great variety in their characteristics, a reflection of 
the varied geological origins. Low rank coals of Late Cretaceous to Early Tertiary age are 
preserved in a serious of elongate, coast-parallel graben and half-graben basins. These basins, 
some of which are analogues to the classical rift valley basins of East Africa, show sequences 
of alluvial and lacustrine clastic sediments up to 1300 m thick, including significant volumes 
of oil shale. In some of these basins coals are mainly of brown coal rank (0.3% to 0.4% 
vitrinite reflectance, that is, Rvmax) and are interbedded with oil shale and other lacustrine 
facies, such as mudstone, sandstone and less commonly carbonates, evidently reflecting peat 
accumulation in aquatic and lake shoreline settings.
Although numerous geological studies have been conducted over various parts of the Tertiary 
coal-bearing basins in Queensland, the organic petrology and geochemistry of the coals have 
not been studied in detail and very few relevant publications are available. This laboratory- 
based study is intended to provided data on the nature and origin of Condor Tertiary coals in 
Queensland, using organic petrology, and to relate these to some of the other better known 
Tertiary coals both in Australia and elsewhere in the world.
Thus the central focus of this study will be the organic petrography and mineralogy of the 
Condor coals which are part of the Tertiary Hillsborough Basin sequence. However, before 
considering the organic petrography and geochemical characteristics of Condor coals, the
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characteristics (lithotype and maceral compositions) and sedimentary environments (including 
palaeoclimate and palynology) of selected world Tertiary coals will be reviewed, and the 
methodology and application of maceral-based coal facies interpretations will be discussed in 
detail. This information is taken from the literature.
. Specific aims of the present study are:
1. To characterise Condor coals using reflected white light and florescence mode 
microscopy and to determine, specifically:
- types and rank of the coals; and
- types and abundance of mineral matter in the coals.
2. To characterise the clay stone interbedded with the coals using X-ray diffraction, 
specifically to determine the:
— types and abundance of mineral matter;
3. To use the data to establish a sedimentary model for the Hillsborough Basin or Condor 
coals.
1.3 LOCATION
The Condor deposit, the focus of this study, is located centrally 15 km south of the town of 
Proserpine on the central east coast of Queensland (Fig. 1.1). The deposit covers the onshore 
portion of the northwestern part of the Hillsborough Basin that lies under Repulse Bay and the 
Hillsborough Channel. The area is flanked to the north and northeast by the Proserpine River 
and to the south by the O’Connell River/Andromache River system. Rugged hills, up to 500 m 
relief, flank the valley on both sides, with the northeastern hills being closer and more 
prominent.
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The valley consists mostly of low-lying and swampy areas, particularly in the east towards the 
coast. In the western part of the area, the land surface is covered with grass, but in the east, m a 
region of the mangrove swamps, they carry thick stands of trees. Along the edge of the mud 
flats, the area consists of grassy plains, in part covered by woodland.
The land surface above the Condor deposit has little relief and, as a result, outcrops are 
exceedingly poor. Knowledge of the structure, stratigraphic succession and composition of the 
strata is restricted to the upper 1200 m of onshore sequence. Such information has been 
gleaned entirely from the subsurface exploration for petroleum and oil shale. Two companies, 
Southern Pacific Petroleum NL and Central Pacific Minerals NL have been the sole operators 
for the Condor oil shales.
1.4 PREVIOUS STUDIES
Middle to Late Eocene oil shale deposits are found along the eastern seaboard of Queensland 
and contain in situ shale oil resources equivalent to more than 25 billion barrels of oil (Noon, 
1984). A numbers of coal seams have also been found in these sequences. Numerous 
geological surveys have been conducted over these basins in the 1980s. Most geological 
information on these basins concentrated on the characteristics of the oil shale, their organic 
fractions, their processing characteristics, mineralogy and geochemical characteristics.
The petroleum potential of the Hillsborough Basin was tested by the Mackay Oil Prospecting 
Syndicate (MOPS) and Ampol Expol Exploration (Qld) Pty Ltd (AEQ). In 1956 and 1957 
MOPS drilled two holes in the Cape Hillsborough area. In 1965 AEQ, after completing 
aeromagnetic and seismic surveys, drilled AEQ Proserpine No.l well. No significant 
hydrocarbon shows were encountered in these holes. Subsequently, the Geological Survey of 
Queensland drilled two stratigraphic holes in the Hillsborough Basin. No oil and gas shows 
were recorded in either of these holes but the holes provided detailed stratigraphic data about 
the basin. Since the 1970s, Southern Pacific Petroleum NL and Central Pacific Minerals NL
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have conducted detailed oil shale surveys and have undertaken extensive drilling programs in 
the area. A significant expansion of Australian oil shale research, especially in Queensland 
Tertiary basins, occurred in 1980s. Much of the increased research effort has been focussed on 
seven deposits - Condor, Duaringa, Lowmead, Nagoorin, Nagoorin South, Rundle and Stuart.
The regional geology and tectonic development of Queensland Tertiary basins was first 
discussed by Kirkegaard et al. (1970). Later studies by Murray (1975), Marshall (1977), Ingall 
(1977) and Henstridge and Missen (1981) followed. Beasley (1945), Paten (1967), Lindner and 
Dixon (1976), and Foster and Harris (1981) used palynological studies to determine an age of 
Middle to Late Eocene for some of the basins.
The geology of Condor oil shale deposit was discussed briefly by Gary (1976). However, the 
first detailed description of the deposit was later given by Green and Bateman (1981) after the 
initial drilling programs by Southern Pacific Petroleum NL and Central Pacific Minerals NL. A 
detailed revision of the stratigraphic and geological setting of Condor deposit, and other 
Queensland Tertiary coal-bearing basins, was given by Green et al. (1984) and Fielding (1991).
Detailed petrological studies of Queensland oil shale, the Condor deposit, have been made by 
Hutton (1982; 1985; 1988). He established the organic petrography of the Queensland oil 
shales with some information on the interbedded brown coals. Seven rock types in the Tertiary 
oil shale sequences were distinguished: lamosite, carbonaceous lamosite, coal, carbonaceous 
shale, claystone, sandstone and limestone. He documented the coal in these areas as dark 
greyish-brown to black rocks that contain not less than 50 vol% of vitrinite and/or inertinite 
with accessory to abundant liptinite derived from terrestrial plants including resinite, cutinite, 
sporinite, liptodetrinite but no alginite. He also classified the brown coals from these areas as 
canneloid coal belonging to a group termed carbonaceous oil shale (Hutton, 1985). The coals 
and lamosites from the various Tertiary deposits have relatively high oil yields but there are 
differences in the organic petrography between the coals and the lamosites from the various 
deposits. Southern Pacific Petroleum NL and Central Pacific Minerals NL found it necessary to
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distinguish the coals (which are black and elsewhere referred to as cannel coals) from the 
lamosite or algal-bearing oil shales that are a brown colour. Thus the general terms 
carbonaceous oil shale (coaly oil shales) and brown oil shale (lamosites) were introduced.
Mineralogy and petrology of Queensland Tertiary basins was discussed by Loughnan et al. 
(1983), Ramsden (1983) and Patterson et al. (1986; 1988). The geology and geochemistry of 
the Condor oil shales have been compared with those of other Tertiary oil shales by Lindner 
(1983). Lindner found that quartz, kaolinite and montmorillonite are the major silicate 
minerals, with siderite, pyrite and buddingtonite other important but minor minerals throughout 
the deposits except the coal-bearing units.
With regard to trace elements, early studies (Dale and Fardy, 1984; Patterson et al., 1986; 
1988) established general abundance levels for selected elements. Trace element abundance 
data for Condor and other basins have been compared to similar data for other Australia oil 
shales by Dale and Fardy (1984). They found that the chemical composition varies remarkably 
little between the various subunits and trace element abundance was generally similar to, or 
less than, those for an average shale. Specifically, for the coal-bearing subunit in the Condor 
deposit, the Lilypool subunit, it had lower oil yields per unit organic C, lower inorganic N, 
lower S and lower As contents than the younger units, especially the oil shale units.
1.5 SUMMARY
Tertiary coals are found in most parts of the world. Studies on many of these coals have been 
of world-wide importance in modelling depositional environments, especially where the 
models have been based on petrographic constituents of the coals.
A number of coal seams have been discovered in Queensland Tertiary basins, including the 
Hillsborough Basin, through the oil shale exploration in early 1980s. Despite the extensive 
geological base, few studies have examined the organic petrography of the Queensland 
Tertiary coals including Condor coals, in sufficient detail, to interpret the environments of
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deposition, and therefore the environment of deposition of the subsequent coal. This study will 
use the laboratory data and data from published and unpublished sources to assess the changes 
in coal petrographic and mineralogical properties within the coaly unit and then formulate a 
probable depositional model for Tertiary Condor coals.
7
oo




Samples examined in this study were collected in 1979 and 1984 from the diamond drill 
core that had been obtained during the onshore drilling program undertaken by the Southern 
Pacific Petroleum NL and Central Pacific Minerals NL as part of their oil shale exploration 
activities in the Hillsborough Basin. Three drill holes from Condor deposit (CDD 46, CDD 
112 and CDD 154) were selected as these contained the best intersections of the coal­
bearing unit. The spatial distribution of the three drill holes is shown in Figure 2.1. Samples 
from CDD 46 and CDD 112 were closely spaced samples, at intervals of 0.2 m to 1 m.
The polished blocks for each sample selected for microscopic study was made using 
standard coal mounting techniques. The samples collected from CDD 46 and CDD 112 
were prepared as the polished whole rock blocks and the samples collected from CDD 154 
were prepared as polished grain mounts.
Each polished whole rock block was made from a representative sample of the core cut 
perpendicular to bedding. Each sample was placed in a plastic container that was filled with 
a mixture of polyester resin and hardener (in a ratio of 97:3) then labelled with the 
catalogue number. It was then evacuated in a vacuum oven in order to eliminate all bubbles. 
After evacuation the samples were left for 24 hours to harden before polishing. These 
samples were used in order to give a better understanding of the maceral-maceral textural 
relationships.
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Coal samples from CDD 154 were prepared by crushing the coal to a grain size of less than 
2 mm and riffled to obtain a 10 gram representative subsample. The subsamples were than 
placed in a plastic mould and stirred into a mixture epoxy resin and hardener before being 
placed in a vacuum oven to remove all bubbles. Each block was cut perpendicular to any 
gravitational settling of the grains. The surface was then ground flat and polished 
successively in three steps on carborundum papers ranging from 400, 600 and 1200 gnt. In 
order to get the required level of polish for petrographic analysis, additional fine polishing 
steps were carried out in a water slurry on SELVYT cloth-covered mechanical laps using 
firstly chromium sesquioxide (CrcCb) and finally, magnesium oxide (MgO) polishing 
powders. Grain mounts were prepared to specifically provide maceral abundance data over 
the intervals selected.
All blocks are listed and stored in the grain mount catalogue of the School of Geosciences, 
University of Wollongong.
During early attempts at preparation of the grain mount blocks, it was found that most of 
blocks from CDD 154 did not harden using a mixture of epoxy resin and hardener in the 
ratio of 97:3. The whole block, especially the upper part of block, which contained a finer 
fraction less than 1 mm in diameter, remained puggy. Blocks of this nature were not hard 
enough to polish and often disaggregated when removed from the plastic mould. Blocks 
continued to harden after being removed from the plastic mould but even after seven days 
the blocks were not hard enough to polish. The blocks without a fine fraction hardened at 
room temperature in 72 hours.
Initial attempts to overcome this problem involved increasing the proportion of hardener, 
increasing the setting temperature by placing the block in the oven at 40°C to 60°C for 48 
hours. Although the blocks initially hardened more rapidly the problem was not overcome.
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A second attempt to overcome the problem was more successful. The samples were added 
to an epoxy resin that had been preheated in oven at 60°C and mixed with epoxide hardener 
in ratio of 8:1. The block was then heated in an oven at 40 °C for two hours. After the 
blocks had cooled they were left for one day and then polished.
Normal study of the blocks showed no apparent alteration of the organic material but lack 
of time did not allow a complete investigation to be carried out. The cause of the failure to 
set is not known. The organic matter has no apparent textural or maceral differences with 
other Tertiary coals (such as eastern Kalimantan coals in Indonesia) and this indicates that 
the problem may be caused by chemical differences not easily detected optically. Grain size 
is a probable additional cause since it is known that setting problems are more common 
with finely ground samples rather than those of large grain size. It will be discussed later, 
many samples contain exsudatinite and it is also possible that the samples contain low 
molecular weight hydrocarbons adsorbed onto the vitrinite. During setting, which is an 
exothermic reaction, the heat could cause these materials to pass into the resins thus 
inhibiting setting.
2.2 MICROSCOPIC EXAMINATION
The microscopic examination method used in this study involves rank determination by 
measuring vitrinite reflectance and coal type determination by maceral analysis. The type 
and abundance of liptinite macerals was determined by employing fluorescence mode 
microscopy.
The examination of blocks was conducted under controlled temperature and humidity 
conditions in the research microscope laboratory of the School of Geoscience, University of 
Wollongong, using a Leitz Ortholux I microscope for reflectance measurements and a Leitz 
MPV-2 microscope for maceral analysis and photomicroscopy.
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2.2.1 Reflectance Measurements
Reflectance measurements were measured in oil immersion using the Leitz Ortholux I 
microscope fitted with a Leitz microphotometer system where the output was sent to a 
galvanometer. Calibration of the equipment was conducted before measuring vitrimte 
reflectance in order to check linearity of the equipment. Known reflectance standards used 
were a synthetic spinel standard with a reflectance of 0.46%, an yttrium garnet standard 
with a reflectance of 0.916% and a gallium garnet standard with 1.710% reflectance. The 
equipment was standardised every 30 minutes during analyses.
During the measurement of reflectance, the temperature was maintained at 23+l°C. The 
immersion oil had a refractive index of 1.518 in green light of 546nm wavelength at 23°C.
The measurement procedure followed the Australian Standard AS 2468 (Standard 
Association of Australia, 1989). Reflectance measurements were made using an oil 
immersion objective lens of nominal magnification x60. The area over which reflectance 
was measured was a 2 micron square. The stage of the microscope was rotated to obtain the 
first maximum reading and then rotated through approximately 180° to obtain the second 
maximum reading. Each pair of readings was summed and the mean calculated to give 
mean maximum vitrinite reflectance in oil immersion (Rjnax). Readings were rejected if 
the pair of readings obtained were not within 5% relative of each other. At least fifty 
reflectance readings were taken on all samples to obtain the mean maximum reflectance.
Due to the abundance of the gelovitrinite subgroup and the significant reflectance 
differences between the vitrinite subgroups in the samples, reflectance measurements were 
made on both telovitrinite (mainly ulminite) and gelovitrinite (mainly corpogelinite [= 
corpohuminite in the Stopes-Heerlen classification]) maceral subgroups. The number of 
measurements on each maceral was based, pro rata, on the proportion of each subgroup in 
the sample as determined by point counting. This method ensures that the readings
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accurately represent the various populations of the vitrinite being measured. Using this 
method to determine mean maximum reflectance fits in with the aims of the study, one of 
which is to assess the rank variation in relation to the depositional environments of coal.
2.2.2 Macerai Analyses
The macerai analysis procedure followed the Australian Standard for coal macerai analyses, 
AS 2856 (Standard Association of Australia, 1986) and the terminology used is the 
Australian terminology (Table 2.1). Analyses were carried out in reflected white light and 
fluorescence mode using x32 and x50 oil-immersion objectives and xlO oculars giving a 
total magnification of approximately x400 to x500. Point count analysis utilised a Swift 
automatic point counter and mechanical stage. At least 500 data points were counted giving 
approximately 90% coverage of the block. Point counts for each block were carried out 
using successive counts in reflected white light and fluorescence mode.
Fluorescence microscopy was carried out using a Leitz Orthoplan microscope fitted with a 
100 watt mercury lamp. The fluorescence filters were a 3 mm BG 3 (blue light) excitation 
filter and a 4 mm BG 38 heat filter, a TK 400 diachroic beam splitting mirror and a K490 
barrier filter. Liptinite was distinguished from other macerals using fluorescence mode, 
though some vitrinite and minerals also had weak fluorescence.
Photomicrographs were taken using a Leitz Vario-orthomat camera and Ektachrome 400 
film.
The volumetric abundance of the various macerai groups, individual macerals and mineral 
matter were converted to percentages.
2.3 MINERALOGY
In the present study, two analytical methods were employed to examine mineral matters in 
coals and claystone/sandstone:
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- Optical microscopy, both reflected white light and fluorescence mode, was used to
identify the mineral matter in coal samples where possible; and
- X-ray diffraction techniques were used to identify the minerals in claystone and 
coals.
2.3.1 Optical Microscopy
Minerals were identified by properties such as morphology, reflectance and anisotropy. 
Mineral content of a sample, as determined by microscopy, is expressed as the percentage 
by volume of the whole rock taken from the point counts. In this study three main mineral 
groups were tentatively identified although in some cases positive identification relied on 
X-ray diffraction (XRD):
- Silicates, including quartz and feldspar;
- Carbonates, mainly siderite; and
- Sulfides, predominantly pyrite.
The reason for using optical methods is that it allowed observation of textures that are not 
possible using XRD techniques.
2.3.2 X-Ray Diffraction
X-ray diffraction has been used extensively by a number of workers (Gluskoter 1967; 
Hardy and Tucker, 1988) to identify mineral matter in coals and other rocks. It is 
considered to be a better method for mineral identification in coals and shaly coals than 
optical and scanning electron microscopy due to the size of mineral grains. However, 
quantitative results are difficult to obtain. For most samples a relative abundance, relative 
to the sample with the greatest abundance of any mineral, rather than a weight content, is
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obtained. X-ray diffraction methods are generally not accurate for quantification of minor 
mineral components, that is, minerals that constitute less than 5%.
The minerals were identified from d-spacing and relative peak intensities using the JCPDS 
PDF-2 data base retrieval/display system. For the less abundantly-occurring minerals, such 
as buddingtonite, cristobalite and marcasite, identification was based on standard X-ray 
diffraction charts of d-spacing peak angles and then verified with the JCPDS PDF-2 
system. In this study, 72 samples including coal, coaly shale and clay stone were selected 
for X-ray diffraction analyses. The mineral content of these samples was high enough for 
X-ray diffraction methods to be used directly without applying separation techniques such 
as removal of the organic matter.
Three main mineral groups with all main and minor minerals were identified:
- Silicates, including clay minerals (kaolinite, illite, smectite, mixed layers and 
muscovite), quartz (crystobalite) and feldspar (albite and buddingtonite)
- Carbonates, mainly siderite and dolomite; and
- Sulfides, predominantly pyrite.
2.4 SUMMARY
In the coal industry, petrographic and mineral analyses are widely used analytical methods 
for assessing the various properties of the coal.
Petrographic study of coal is based on the morphology, colour, size of the constituents, 
reflectance and anisotropy of the macerals in white light, and autofluorescence of the 
constituents under blue-ultraviolet radiation. Although reflectance measurements normally 
are achieved by measuring telovitrinite (ulminite for low rank coal), measurements were
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also taken on corpohuminite in this study because of the significant reflectance differences 
between the two maceral subgroups in the samples.
Mineral analysis, including X-ray diffraction techniques and optical microscopy, provides 
data on the types, textural associations and relative abundances of the mineral matter in 
coals. These data will be used in the formulation of a model of the environment of 
deposition.
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Figure 2.1 Spatial distribution of the drill holes in the Condor deposit. From Hutton (1982).
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Table 2.1 Australian Standards Association macerai system







































Tertiary coals normally are characterised by thick seams (many more than 50 m), high 
moisture content (more than 50%) and generally a lower percentage of inertinite (many 
with less than 5%) but sometimes relatively higher percentages of liptinite, as compared to 
many older coals. Structural settings for the development of some thick seams, such as the 
Victorian brown coal in the Latrobe Valley (which is part of the onshore Gippsland Basin), 
were dominated by graben-like depressions adjacent to a major basin. Deposition took 
place within embayments which were commonly barred from the main marine basin 
sedimentation by a barrier which built up across the entrance (Holdgate, 1997). Periods for 
thick seam development occur within the Middle-Late Eocene and Early-Middle Miocene 
when tropical to subtropical palaeoclimates were suitable for the development of abundant 
plant growth and consequent thick peat accumulation.
Due to the low level of coalification, which for these coals is basically dewatering from 
approximately 90% moisture content in peat to 40% to 60% in brown coal, textural and 
features of the original plant and botanical structure are not yet obscured in these coals. 
Consequently, studies on Tertiary brown coals have been of worldwide importance in the 
interpretation of Tertiary peat-forming plant communities and their depositional 
environments as well as the origin of the petrographic constituents of the coals. This 
chapter will provide an overview of some characteristics of Tertiary coals and will discuss 
coal-forming conditions, including tectonic setting, climate and palaeofloras during the 
Tertiary period. The well-documented depositional models of the Latrobe Valley and Rhine 
coals will be discussed in detail. These overviews and discussions will include background 
petrography, geochemistry, geological and geographic data, where relevant, which have 
lead to an understanding of the formation of Tertiary coals. This information is needed to
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fully appraise models for the formation of the Queensland Tertiary coals, and specifically, 
the Condor coals.
In following discussions of coal types in the Latrobe Valley deposit (Section 3.2.3), capital 
letters are used for lithotypes that specifically belong to the Latrobe Valley deposit whereas 
lower case letters are used for general colour descriptions for either Latrobe Valley coals or 
coals from elsewhere. For example, Dark refers to the Dark that has characteristics that are 
different to those of the Pale lithotype; however, a dark lithotype simply designates a coal 
with a dark colour (black, blackish-brown, dark brown) and no characteristics are inferred.
3.1 CONDITIONS OF DEPOSITION
Coal is formed through the transformation of peat followed by metamorphism. Peat 
accumulation is generally controlled by two major factors - allogenic (tectonic) and 
autogenic (environmental) factors (McCabe and Pamsh, 1992; Flores, 1992). Allogenic 
factors (which include climate, tectonism and eustasy) control the number, thickness, 
continuity and chemistry of seams (McCabe, 1991; Galloway and Hobday, 1983). 
Autogenic factors including vegetation types and hydrologic conditions and control the 
geochemistry and quality distribution in seams.
3.1.1 Tectonic Settings
The tectonic setting of a coalfield exerts a strong influence on the type of coal that is 
formed. Coals formed in rapidly-subsiding foreland basins are more likely to have high 
vitrite, clarite and ash contents than coals formed on cratonic shelves or in slowly subsiding 
cratonic basins. Large-scale coal formation can take place only in actively-subsiding basins 
and these can be found in a number of tectonic settings. The following list gives some 
examples.
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1. Foredeep basins: Many coal-bearing foredeep sequences evolve from early marine 
and delta front sediments to the shoreline and lower delta, then upper delta plain and 
alluvial environments. Peat formation is connected with the later phases of foredeep 
formation, that is, a time when a continental milieu already predominates. 
Consequently, coal type changes upward from banded to medium bright, marine- 
influenced coals in the lower portion to bright coals in the middle portion and finally, 
to the increasingly dull coals in the upper portion of the basin fill (Diessel, 1992). 
Coalfields in the Sydney Basin (Australia) and Rocky Mountains (Canada) are 
examples of thick coal-bearing sequences formed in foredeep basins (Hobday, 1987; 
Briggs, 1991; Smith, 1989; Diessel, 1992).
Transgressive coal-bearing sequences deposited in foreland basins generally contain 
thin coal seams with an average thickness of less than 3 m (Flores, 1992). Some 
transgressive coal-bearing sequences, including those in the Tertiary forearc basins 
of the Indonesian and Philippine archipelagos, and the Cook Inlet of Alaska, contain 
seams as thick as 15 m (Merritt 1986; Moore 1987; Moore and Ferm, 1992). The 
accumulation of thick peats forming thick coals in these transgressive sequences was 
controlled by balanced rates of tectonic subsidence, sediment supply and eustasy.
2. Composite arc systems: The composite arc systems may provide suitable conditions
for coal formation. The occurrence of a 3,000 m thick Palaeocene succession of 
folded and faulted coal measures in the Hidaka Basin of central Hokaido, Japan, 
described by Aihara (1986), is a example of a thick coal measure sequence formed 
and preserved in a forearc setting.
3. Continental margin and continental interiors: Coalfields situated within or on the
shelf margins of a craton cover a wider area than the comparatively narrow 
foredeeps, but areal restriction is compensated for by the frequency of coal seams 
occurring in a thick stack of coal measures. The coal and oil-rich Gippsland Basin is
21
one example of a coalfield formed in a mobile shelf basin (Smith, 1982). 
Intracratonic coalfields and those formed in intramontane basins are frequently 
limnic in character; are usually of small size and occupy an unstable position above 
depositional base level. The Cretaceous-Eocene coals distributed along the southern 
and northern margin of the Australian continent formed in these settings although the 
Gippsland Basin is an exception to these generalities with regard to size; it is much 
larger than most.
Based on the in-seam petrographic analysis of intramontane Carboniferous and foreland 
Cretaceous coals in Canada, Kalkreuth et al. (1991) found that the coal-bearing sequences 
of various depositional settings have different characteristics in terms of maceral 
association, mineral matter and regional distributions (Table 3.1).
1. For the alluvial intramontane setting, thickest coal seams develop in the inner mire 
zone whereas the piedmont and riverine zones are characterised by numerous seam 
splits. The coals in alluvial intramontane settings are characterised by high liptinite 
contents, low inertinite contents and rare vitrodetrinite. The less gelified vitrinite 
macerals (telinite and telocollinite) became more abundant towards to the top of the 
seam.
2. For lacustrine-dominated settings, the coal-bearing sequences are characterised by 
rapid vertical and lateral facies changes from humic coal into cannel shale and oil 
shale (Stach et al. 1982; Kalkreuth et al., 1991). Peat accumulation is primarily 
controlled by the interplay between the rates of basin subsidence and sediment 
supply. Lacustrine coal is characterised by high vitrinite, intermediate inertinite and 
variable liptinite contents. Coals usually have high ash yields with low to moderate 
sulphur contents. Coal seams that form in rapidly subsiding basins thicken toward 
basin margins. Where subsidence rates, water levels and sediment supply were low, 
thick mires developed in the centre of the basin and redbeds and palaeosols form
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near the basin margins (Kalkreuth et al., 1991). Coals in the central parts of seams 
are characterised by a high ratio of degraded to structured macerals of the vitrinite 
group and low mineral contents. Toward the top and the base of the seams, the 
detrital minerals become more abundant and this is accompanied by increased 
amounts of vitrodetrinite, structured vitrinite macerals and thin layers of clay 
minerals and desmocollinite.
3. Coal seams that form in foreland basin settings are characterised by great lateral 
continuity and substantial thicknesses (up to 12 m). Various lithotypes can be 
recognised. Each lithotype reflects one of the frequent changes in the height of water 
tables. Oscillatory progressions from dry forest moor to wet forest moor, produce 
coals that brighten upward as a result of either wet, open moor conditions, or form 
dulling-upward coals as a result of dry, slightly elevated mires. The coals usually 
have moderate ash and low sulphur. Vitrinite and liptinite contents are usually very 
low and, correspondingly, the inertinite contents are higher.
3.1.2 Palaeobotany
Among the most important factors controlling the petrographic composition and facies 
characteristics of coal deposits are the types and relative abundance of plants that formed 
the peat. In the Tertiary, plant communities contributing to mires were highly diverse and 
specialised (especially as compared with those of the Carboniferous). The dominant species 
in some Palaeocene mire floras were gymnosperms, but continuing a trend that begin in 
Late Cretaceous, angiosperms became increasingly prominent throughout the remainder of 
Tertiary. The diverse angiosperm-dominated mire floras produced coals that vary 
significantly in facies and hence may vary in quality.
The classic work of Teichmuller (1958) set a standard for paleoecological analyses of 
Tertiary coals that is still relevant. Teichmuller reconstructed plant communities that
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inhabited different kinds of mires in which the brown coals of Germany developed during 
the Miocene. Based on palaeobotanical data from leaf cuticles, wood and seeds, as well as 
palynology, four major mire communities were recognised:
i. Reed mires; plants included rushes, sedges and, in areas of open water, water lilies;
ii. Nyssa-Taxodium forested swamp; this mire was dominated by Miocene ancestors of 
the living tupelo family (Nyssaceae) and bald cypress (Taxodiaceae); these mires 
were characterised by a high water table;
iii. Brush mire; important species of shrubs included families which are also extant* such 
as Myricaceae and Cyrillaceae; the water table was lower and conditions were 
relatively drier; and
iv. Sequoia forest; this type of mire was dominated by ancestral redwoods in a terrestrial 
facies.
One important analysis of palynoflora and the associated megafloral/palaeobotanical 
characteristics that included Tertiary coal was conducted by Shearer et al. (1995). Table 3.2 
and the following discussion gives a summary of their studies with additional notes from 
other authors.
Palaeocene
Palynoflora of Palaeocene coal-bearing strata is very similar to that of the Late Cretaceous 
and is dominated by Taxodiaceae-Cupressaceae-Glyptostrote conifer pollen. Fern spores 
affiliated with Gleicheniaceae and Polypodiaceae, bisaccate pollen of other varied 
gymnosperms (Picea, Pinus, and Stereisporites (Sphagnum) are subordinate components of 
the palynofloral assemblages. In the early Palaeocene, angiosperms were a relatively minor 
component in mire vegetation and was probably more common in nearby communities 
rather than comprising a major part of the peat-forming vegetation. By the Late Palaeocene, 
the abundance and importance of angiosperms had increased but Taxodium/Glyptostrobus 
pollen was still dominant.
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Eocene-Oligocene
In the Eocene, there was continued dominance by taxodiaceous conifers as the most 
common mire-forming vegetation in North America but ferns and angiosperms became 
more common. Angiosperms included Alnus, Ulmus, Betula, Platanus, Tilia and 
Pistillipollenites. Nichols (1987) found that the Early Eocene coal zone in Wyoming is 
characterised by abundant Platycarya platycaryoides pollen but it is likely that this is more 
representative of the levee vegetation. Nichols (1987) further found abundant Arecipites 
and fern spores in this period.
In both the Eocene and Oligocene the angiosperms appear to have been dominant in mires 
in the Southern Hemisphere. Australian Eocene coals are characterised by Nothofagus, 
along with Podocarpaceae, Protaceae and Gleicheniaceae (Kershaw et al., 1991). New 
Zealand coals also display a dominance of angiosperms such as Nothofagus and Casuarina 
(Shearer, 1992) or Casuarina and Myrtaceae species (Edbrooke et al., 1994). In India the 
dominant Eocene mire-forming vegetation is interpreted to have been woody angiosperms 
(Singh et al., 1992).
Miocene
Miocene mires, as for the Eocene and Oligocene mires, appear to have been dominated by 
angiosperms. However, a new feature of these mires was an increased presence of 
herbaceous vegetation including Ericaceae and Graminaceae. Miocene coal palynoflora are 
very similar to extant forms in contrast to older coal palynofloras.
The Miocene Rhine brown coals from Germany are dominated by a mixed assemblage of 
gymnosperms, angiosperms and herbaceous vegetation including Taxodium, 
Myricaceae/Cyrilaceae, Nyssa, Cyperaceae, Graminaceae and Quercus (Quercoidites) 
(Stach et al., 1982).
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The Australian Miocene coals are dominated by Nothofagus, with Casuarina, Padocarpus 
and Myrtaceae pollen again common. This palynoflora is similar to the Oligocene 
palynoflora (Kershaw et al, 1991). The Miocene palynofloral assemblages in Indonesia and 
Malaysia are similar to the modern-day vegetation growing in the coastal ombrogenous 
mires (Demchuk and Moore, 1993; Anderson and Muller, 1975). These mires are 
dominated by the pollens of Calophyllum, Melanorrhea, Shorea, other dipterocarpaceous 
pollen, and Rhizophora. This assemblage is indicative of a predominantly woody 
angiosperm bog forest with a minor mangrove element.
3.1.3 Tertiary Climate
Plant growth and the formation of peat and coal depends on the temperature and 
precipitation. On account of their prolific plant growth, tropical and subtropical regions 
might be expected to be particularly well suited for the production of large peat deposits. At 
lower temperatures not only the biological action is retarded but also chemical 
decomposition proceeds at a lower rate (Stach et al., 1982).
Since the Late Permian, the Earth has experienced a change from Palaeozoic glaciation to 
an anomalously warm Mesozoic and then a punctuated decline in mean global temperature 
in the Late Cretaceous to Cainozoic. The construction of palaeotemperatures from isotope 
ratios in marine microorganisms for the whole of the Cainozoic has revealed that this period 
was characterised by a progressive shift toward cooler conditions, particularly over the last 
50 million years (Fig.3.1; also Partridge et al., 1996).
Palaeocene
For the early Cainozoic, the vertical temperature gradient in the tropical areas ranged from 
6 to 12°C with only slight warming in the subtropical areas (Haq, 1982). This period of 
moderately cool conditions began in the Maasttrichtian age and, with fluctuations, extended
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into the Late Palaeocene (Haq, 1982). Palaeocene climates were also characterised by 
increasing levels of atmospheric humidity (Frakes, 1979).
Eocene
The Eocene isotope records indicate that temperatures in the tropical Pacific Ocean region 
firstly warmed and then cooled substantially towards the end of this epoch. A significant 
feature of the Eocene was the occurrence of subtropical floras in relatively high latitudes, a 
feature that continued from the Cretaceous. Generally, this has been taken to signify low 
equatorial to polar temperature gradients and abundant precipitation in polar and high 
latitude regions. The remnants of palm trees and other tropical and subtropical plants in 
European Eocene lignite indicate warming conditions.
Oligocene
The cooling at the end of Eocene caused a marked change in planktonic foraminiferal 
assemblages (Haq et al., 1977; Keller, 1983). Keller (1983) examined faunal characteristics 
in detail and established a faunal climatic curve characterised by:
i. cooling from the Late Eocene to the Early Oligocene;
ii. warming from 34 to 31 million years in the Early Oligocene;
iii. pronounced cooling from 31 to 28 million years; and finally
iv. marked warming throughout most of the Late Oligocene.
Miocene
The generalised curve shows warming through the Early Miocene and a severe cooling 
commencing in the early Middle Miocene and continued through until a cold Late Miocene. 
The isotope curve shows the end of the Miocene experienced increased cooling with a 
penecontemporaneous rise in sea level and an expansion of Antarctic ice to the limits of the
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cold-water ring around Antarctica (Hayes and Frakes, 1975). Pines, firs, alders, birches and 
temperate zone plants associated with Miocene brown coals in Europe indicate a marked 
climatic cooling.
3.2 AUSTRALIA TERTIARY COALS
3.2.1 Cainozoic Palaeobotanical Record
The Australian continent continued on a northerly drift throughout the Cainozoic and 
rainforest conditions persisted into the early Tertiary. Palaeocene vegetation in southeastern 
Australia, such as in southeastern New South Wales, was a cool to temperate, conifer- 
dominated wet forest; predicted mean annual temperature was 14 to 20°C with 1,200 to 
2,400 mm of precipitation (Taylor and Taylor, 1990). Rainforests may have existed in the 
central part of country. There was a distinct cold season and precipitation was uniform with 
no droughts. Thicker economic brown coal accumulated in the tectonically active Otway, 
Gippsland and Bass Basins (Brakel et al., 1995), and large amounts of carbonaceous 
material were deposited in most of fluvial system.
Global warming began in the Late Palaeocene and by the Early Eocene, consistent 
relatively high humidity is thought to have led to flourishing mangroves around the coasts 
of the southeast of Australia whereas sub-tropic to tropical rainforests grew in inland areas 
(Macphail et al., 1994). During these times, large areas of swamps (for example in the 
Gippsland area) exhibited rapid plant growth and thick peat accumulation in which 
Nothofagus pollen was abundant.
The cooler seasons, during Middle to Late Eocene, contributed to the maximum 
development of non-seasonal subtropical to warm temperate rainforest (Macphail et a l , 
1994) and thicker brown coal seams at many places across the continent, particularly along 
the southern coastline as mentioned before. In a series of basins along the Queensland 
coast, thick oil shale and interbedded coals and shaly coals were deposited.
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By the Early Oligocene, climatic cooling became more pronounced. Oligocene climates in 
the southeast were very wet, although a slight decrease in precipitation occurred during the 
Late Oligocene to Early Miocene, from approximately 1,800 mm per year to 1,500 mm per 
year (Macphail et al., 1994). This was still above the lower limit needed for widespread rain 
forest requirements in New South Wales. During this time, Nothofagus pollens were still 
abundant in the coal seams and associated sediments but the floras were not as diverse as 
those of the Eocene.
From the Middle Miocene onwards, the Australian continent was located between the high­
rainfall belts of the Southern Ocean and the Equatorial Zone. During the Early to Middle 
Miocene, Nothofagus pollen abundance decreased slightly in inland regions but remained 
high in coastal and southeastern areas of the continent. At this time a maximum diversity of 
forest types existed. By the Late Miocene, drastic changes had taken place, with the 
disappearance of Nothofagus pollens and an increase in pollen of the Myrtaceae family.
Kershaw (1988) stated that from the Early Miocene, the area covered by rain forest declined 
in central Queensland but the decline in northern New South Wales and Victoria was not 
until the Late Miocene. Wet sclerophyll forest, with a tall open eucalypt canopy and rain 
forest species in the understorey, gradually replaced the rain forest. Herbaceous and 
Poaceae taxa were present in open forests, though in limited quantities. This change 
coincided with an increase in charcoal dust, an indicator that the flora was becoming more 
pyrophilic. Precipitation in southeastern Australia was probably down to 1,000 to 1,500 
mm per year, which is below the lower limit for rain forest development. There was a dry 
season and burning was probably a regular event.
A brief resurgence of rain forest occurred in the Early Pliocene but only to a fraction of the 
extent of the area covered by rain forests of the Early to Middle Miocene. Precipitation in 
southeastern Australia increased to just over 1,500 mm per year. By the Middle to Late 
Pliocene, vegetation had returned to wet sclerophyll forest and annual precipitation in
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southeastern Australia was down to 1,000 to 1,500 mm. By the latest Pliocene, rain-forest 
taxa, including gymnosperms, had disappeared from most of the continent. Myrtaceous 
forests become more like dry sclerophyll forests. Herbaceous taxa increased. By the latest 
Pliocene to Pleistocene, a dramatic change had taken place in the vegetation, with open, 
arid woodlands and grasslands and herb fields becoming dominant. Precipitation m 
southeastern Australia had decreased to 500 to 800 mm yearly, the lower limit for eucalypts 
in wet sclerophyll forests.
3.2.2 Characteristics of Australia Tertiary Coals
Known Tertiary coal measures in Australia are largely restricted to the southern and 
northeastern margin of the continent. The largest deposit is the Latrobe Valley deposit in 
the Gippsland Basin with a number of isolated smaller basins along the Queensland 
coastline. The Australian Tertiary coal measures are generally either Cretaceous-Eocene or 
Oligocene-Miocene in age (Johns, 1975; Smith, 1982; Elms et al., 1982; Holdgate, 1982; 
Johnson, 1995).
The Cretaceous-Eocene coal measures are part of the non-marine sequence overlying the 
basement that formed during the northerly drift of the Australian continent and rifting of the 
southern continental margin. These sequences are thin (less than 150 m) and generally 
contain sandy fluvial deposits. The main coals are 10 to 30 m thick (Table 3.3), with many 
thinner (1 to 2 m) seams also being present. The peat mires that formed these coals were 
probably small flood plain swamps.
These marine sequences pass laterally into marine units (Elms et al., 1982), or are overlain 
by transgressive marine sequences (Smith, 1982) or by oil shale sequences. Similar to other 
Tertiary coals in the world, these coals are dominated by vitrinite (80% to 95%), with 
relatively high percentages of liptinite (up to 20%) and low percentages of inertinite (less
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than 5%). The coals usually have moderate ash yields (12% to 15%) and moderate sulphur 
(2% to 3%) contents (Table 3.3).
In contrast to these older deposits, the main Oligocene-Miocene coals are thicker (30 to 
130 m), cleaner (less than 5% ash and less than 1% sulphur) and are dominated by vitrinite 
macerals. The coals occur within a major regressive sequence up to 1,600 m thick (Abele et 
al., 1976), with the thickest peat generally having accumulated in slowly subsiding basins 
that developed on structural highs. Clastic units within the seams are very rare in the 
Latrobe Valley, and those that do occur, are restricted to the tops of the seams or major 
seam splits. The associated fluvial channel deposits occur as laterally-equivalent intervals to 
the coal seams (Smith, 1982).
3.2.3 Depositional Model for Latrobe Valley Coals
Brown coal seams of the Latrobe Valley are more than 100 m thick. The coal measures are 
composed of a sequence of Tertiary clays, silts, sands and gravels with basalt flows in the 
lower section. This sequence, up to 800 m thick, occupies the Latrobe Valley depression 
which is located in the western or inland portion of Gippsland Basin (Gloe, 1975). The 
Latrobe Valley coal measures are considered to range from Eocene to Miocene in age. Total 
coal resources are estimated to be approximately 1,000,000 million tonnes, of which 11,000 
million tonnes are considered recoverable (Gloe, 1975).
1. Coal distribution and geometry
The Latrobe Valley is elongated along the centre of the depression. Each seam covers an 
area ranging between 550 and 700 km2 and each seam has one or more depocentres. Each 
major seam grades laterally into fluvio-lacustrine clastic rocks to the west and into the 
marine Balook Formation sandstones and Seaspray Group carbonates to the east (Holdgate 
et al., 1995).
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The non-coaly facies are predominantly clay sequences which were deposited between the 
former peat swamps and on the higher ground surrounding the structural depressions 
(Holdgate, 1985). The clays, predominantly kaolinite, are considered to represent mainly 
lacustrine environments which, along the swamp margins, intertongue in a complex manner 
with the former peat swamps. The ash yield is usually between 1% and 4% on a dry basis 
and is derived in part from organically bound cations. Minerals such as quartz, kaolinite and 
iron sulphides tend to increase towards seam boundaries whereas the non-mineral inorganic 
matter, such as the organically-bound cations and dissolved chlorides of sodium and 
magnesium, tends to be higher in the main coal depocentres.
2. Palaeofloras and climate
Sluiter and Kershaw (1982) and Sluiter et al. (1995) investigated the palaeoclimate of this 
region and suggested a mesothermal or sub-tropical environment at the time of peat 
formation. Relatively cooler conditions, supporting temperate forests with a substantial 
Nothofagus component, probably covered the surrounding highland.
A number of palaeobotanical studies (Kershaw and Sluiter, 1982; Barton et al., 1989; 
Blackburn and Sluiter, 1994) reviewed the components of the precursor swamp forest 
which contained ancient representatives of the modem Kauri pine (Agathis sp.), Norfolk 
Island Pine {Araucaria sp), Banksia (Banksia sp) and Huon Pine (Dacrydium sp). The 
southern beech or myrtle (Northofagus sp) grew on the surrounding hills and is usually 
only represented in the coals by wind-blown pollen. Sluiter et al. (1995) found that there is 
a major trend in the types of flora, based on pollen and spore analysis, from the Dark and 
Medium-Dark lithotypes through to Medium-Light and Light lithotypes to the Pale 
lithotypes. Of the major recorded taxa, Elaeocarpus and Myrtaceae are found in lithotypes 
towards the darker end of the spectrum, the Nothofagus subgenus Brassospora, 
Lagarostrobos franklinii, Phyllocladus and Casuarinaceae are concentrated in coals at the
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lighter end of the cola colour spectrum, whereas Cunoniaceae (dicoplate), Podocarpus and 
Dacrydium cupressinum are in intermediate lithotypes.
3. Rank variation
According to Smith and Cook (1984), the reflectance of the Latrobe Valley coals generally 
spans the range of 0.2% to 1.2%, that is from soft brown coals to medium-volatile 
bituminous rank. The isoreflectance contours show an overall increase with depth of burial, 
with Rvmax varying from slightly less than 0.2% for onshore mineable coals and coals in 
the resource category to over 1.2% for the offshore deeper sections at depths of 
approximately 4.5 km.
4. Lithotypes
Five macroscopic lithotypes are recognised within the Latrobe Valley brown coal seams 
(George, 1982; Table 3.4). Overall, the coals form a spectrum with the lithotypes ranging 
from pale, which is a soft, friable and non-gelified lithotype to dark, which is a hard, strong, 
high density lithotype in which gélification, particularly of the woody fragments, is 
common.
The Medium-Light lithotype is the most abundant lithotype, followed by Medium-Dark, 
Light/Pale lithotype and Dark lithotype in decreasing order of abundance. From west to 
east, for most of the coals, the relative abundance of the Medium-Dark and Dark lithotypes 
increases and correspondingly, the abundance of Medium-Light and Light/Pale lithotypes 
decreases. The frequency of lithotype layering and the abundance of the light and dark 
lithotype end-members are more prevalent towards seam margins, such as in the western 
coal faces of the Yalloum open cut (Mackay et al., 1985). By contrast, Medium-Light and 
Medium-Dark lithotypes are more abundant in the coal depocentres, such as in the Morwell 
seam at Morwell and Loy Yang open cuts.
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Vertically upward cycling of lithotypes, from dark to light lithotypes, is a feature of the 
Latrobe Valley coals. These cycles occur on average every 12 to 18 m. Each major coal 
seam (which is approximately 100 m thick) is composed of three or more lithotype cycles 
(Holdgate et al., 1995). The lowest layer in the cycle is a strongly-gelified, thin, fine­
grained, dark brown coal with enhanced organic sulphur and is overlain by predominantly 
thick and extensive layers of Medium-Dark to Medium-Light coals. These sequences are 
capped by thinner layers of Medium-Light to Pale coal. At the top of each cycle, Light 
lithotype coals are overlain by a planar to undulose surface below which may be found 
small-scale erosion and/or compaction structures.
5. Geochemistry
Volatile matter, fixed carbon and hydrogen all show a trend of increasing from the dark 
lithotypes to the pale lithotypes (Table 3.5). Average volatile contents range from 50.6% 
(Dark) to 63.4% (Pale). For the Dark lithotype, average fixed carbon ranges from 66.9% 
(Morwell coal) to 68.0% (Yalloum coal) whereas for pale lithotypes the average values are 
between 70.7% and 70.9% respectively. Average ash content of dark lithotypes ranges from 
0.9% to 3.1% and this is much lower than the average ash content of the pale lithotypes 
which ranges between 1.1 and 4.4%. Humic acids account for approximately 50% of the 
paler lithotypes with the nonextractable portion (“kerogen” ) constituting 10% to 25%. In 
other lithotypes, humic acids account for approximately 20%, and nonextractable material 
approximately 55%. Sulphur in Latrobe Valley coals is as organic sulphur with pyritic 
sulphur comparatively rare (Kiss et al., 1985). An increase in sulphur amounts has been 
noted from an average of 0.3% at Morwell, Yalloum and Loy Yang, to 0.5% at West 
Rosedale, to 2% at East Rosedale (Holdgate et al., 1995). This coincides with increasing 
proximity towards a marine environment.
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v 6. Maceral Compositions
The coals are rich in vitrinite (Tables 3.6 and 3.7) with the vitrinite contents generally being 
within the range of 85% to 95% (mineral matter free basis). In general, as shown in Tables
3.6 and 3.7 humodetrinite tends to increase from the dark to light lithotypes (from 53.5% to 
63.5%) whereas the humotelinite and humocollinite decreases sharply (from 32% to 7.3% 
for humotelinite and from 9.5 to 1.9% for humocollinite). The detrovitrinite usually forms a 
matrix for isolated thin bands and lenses of telovitrinite and in some cases thin bands of 
telovitrinite are interbedded with a detrovitrinite matrix. Attrinite is dominant in the lighter 
lithotypes (70% to 75%). In the Medium-Dark and Dark lithotypes, attrinite is still 
abundant (40% to 50%) and ulminite accounts for 30% to 40% of the coal. Gelovitrinite 
(mainly corpohuminite and porigelinite) is also present throughout the coals and some 
porigelinite shows weak orange fluorescence; this porigelinite is mostly associated with 
suberinite.
Inertinite is generally a minor constituent of Latrobe Valley coal (1% to 3%). Sclerotinite 
derived from fungal materials is the dominant inertinite maceral, with precursors including 
stromata, single and bilocular teleutospores and plectenchyme tissue. Sclerotinite occurs in 
all lithotypes with maximum values in the paler lithotypes (3%). Semifusinite, 
inertodetrinite and fusinite occur sporadically in the coal and are mainly confined to the 
dark and medium lithotypes.
The liptinite content is variable, ranging from less than 5% to more than 20%; typical 
liptinite content is in the range 5% to 10%. Liptinite fluorescence is greenish-yellow to 
yellow. Most liptinite is liptodetrinite with lesser amounts of sporinite, suberinite, resinite, 
cutinite and fluorinite. Darker lithotypes show a noticeable lack of liptodetrinite (average 
1%) when compared to paler lithotypes (up to 15%). Sporinite is normally the dominant 
liptinite maceral in the paler lithotype (up to 7.8%) and is present in all lithotypes. 
Suberinite is common (up to 3%) in all coals and is mostly associated with corpohuminite.
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Cutinite, consisting of tenuicutinite and crassicutinite, occurs in all coals and ranges from 
trace amounts to 1.6%. Resinite is rare (trace to 1%) but may be the dominant liptinite in 
some samples. It occurs as discrete small bodies of various shapes and may infill cell 
lumens.
Mineral matter (mainly clay and pyrite) occurs in trace amounts (trace to 1%) and is 
disseminated throughout the coal.
7. Origin of Latrobe Valley Coals
The origin of Latrobe Valley brown coal remains an intensely debated subject although 
numerous investigations of the geology, conditions during deposition and especially the 
composition of the coal have been undertaken. Many models have been proposed for the 
depositional environments. Most models envisage the lithotype variations to be a product of 
water-level fluctuations in the original peat swamp, which in turn controlled the plant 
communities living at the time (Teichmuller, 1989). Current argument resides as to whether 
the darker lithotypes or lighter lithotypes represent the more water-saturated conditions of 
deposition, with most palynologists and palaeontologists favouring the lighter lithotypes 
and petrologists favouring the darker lithotypes (Anderson and Mackay, 1990).
Earlier palaeobotanical research tended to show a relationship between lithotype and 
depositional environment. Luly et a l (1980) presumed various plant associations for the 
variously coloured lithotypes in the coals (Fig. 3.2). The Pale and Light lithotypes were 
thought to contain plant species characteristic of open water conditions. The Medium-Light 
to Medium-Dark lithotypes included species indicative of swamp forests and the dark 
lithotypes contained species representing by a plant community with a significant 
sclerophyll component and thought to have colonised raised bogs (Luly et a l , 1980; Sluiter 
and Kershaw, 1982; Kershaw and Sluiter, 1982; Kershaw et a l , 1991). Based on the 
biogeographical, ecological and stratigraphic analyses, Sluiter et a l  (1995) developed an
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alternative model suggesting that all lithotypes formed under a continuous cover of 
vegetation with no open water stages. The canopy tended to open out from dense swamp 
forest, forming the darkest lithotypes, to raised bog, forming the lightest lithotypes. 
However, Mackay et al. (1985) and Anderson and Mackay (1990), using statistical analysis 
and biochemical-petrological data, suggested that aerobic degradation was responsible for 
the various lithotypes; the light lithotypes represented the products of the most severe 
aerobic degradation. More intensive anaerobic decomposition produced the darker 
lithotypes. The darker lithotypes were thought to be more water-saturated and the lighter 
lithotypes to represent more oxidised conditions.
Coal deposits are probably of multiple origin from the point of view of general sedimentary 
sequences, tectonic setting, palaeoclimates, sea level and flora. The peat swamp itself is 
primarily controlled by water depth and salinity, which in turn, controls the plant 
community. At the same time, the water depth and salinity are controlled by the 
palaeoclimate and, for paralic coals, ancient sea levels. The low ash content (<2%) in the 
brown coal may be due to multiple causes including discharge of swamp water, re­
assimilation by peat-swamp flora, leaching by organic acids and post-burial diagenetic 
processes. Other explanations rely on the raised-bog model where the accumulating peat 
surface is above the general groundwater level and this prevents detrital minerals, except 
airborne ash, entering the raised mire.
3.3 OTHER TERTIARY COALS
Tertiary coals are found in most parts of the world. An attempt has been made in the present 
study to utilize published and unpublished data to make a general comparison of maceral 
compositions of some Tertiary coals. The coals range in rank from brown coal to low 
volatile bituminous coal. All three major groups of macerals, vitrinite, inertinite and 
liptinite, occur in these Tertiary coals.
37
Mean values of maceral groups and mineral contents of coals from coal deposits in India, 
Indonesia, New Zealand, Greece, China, Germany and Canada as well as the Latrobe 
Valley coals in Australia are given in Table 3.8. It is interesting to note that, as for 
Australian Tertiary coals, the coals of Palaeocene-Eocene age in other parts of the world are 
commonly thinner with relatively higher mineral contents than Eocene-Miocene coals.
Petrographically, it is obvious from Table 3.8 that vitrinite is the dominant maceral in all 
the Tertiary coals with values ranging from 79% to 93% except some light to pale brown 
coals which may contain up to 70% of liptinite. Liptinite content varies between 1% and 
20% except for the 70% in some light to pale brown coals. Tertiary coals contain relatively 
low proportions of inertinite, usually less than 5% compared to older coals as mentioned in 
the previous section. Mineral contents are broadly similar to those of older coals with many 
coals having less than 5% mineral matter.
3.3.1 Rhine Coals
The Rhineland region, Germany, has very large reserves of brown coals. The sequence 
contains three main seam groups with a total thickness of 70 to 100 m. Normally the seams 
are enclosed within layers of unconsolidated materials, primarily sand, gravel and clays. 
The coals were formed during the Miocene and Pliocene. The climate at that time was still 
primarily sub-tropical to tropical with the temperatures above 15°C. The general profile of 
the European continent and the North Sea had been established when the Rhineland Trough 
began to sink and the formation of the brown coal started (Ernst, 1982).
Examination of the palynology of the coals was undertaken by many authors. Von der 
Brelie and Wolf (1981) separated the dominant vegetation types into: gymnosperm 
(coniferous forest) and angiosperm (deciduous forest) with each having different forest 
types and structures (Table 3.9).
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The coals contain a number of lithotypes that are classified by colour and texture for which 
the petrographic compositions have been studied (Wolfrum, 1983). The differing textures 
are thought to result from differing degrees of aerobic conditions and decomposition of 
woody tissue in the original peat swamp.
Based on palaeobotanical studies and petrographic observations, as well as on chemical 
analysis of the various facies types, Stach et al (1982) established a model (Fig. 3.3) for the 
correlation of plant associations and lithotypes of the coal. The figure shows the horizontal 
sequence of environments and plant communities changes from open water to increasingly 
drier conditions as follows:
- submerged plants to a reed marsh;
- a wet Nyssa-Taxodium swamp; and
- a drier Myricaceae-Cyrillaceae bush moor and a sequoia forest as the driest, final peat­
forming vegetation.
Accordingly, open water coals are distinguished by a dark or black colour (due to 
biochemical gelification), and large amounts of detrovitrinite and liptinite. Reed mires 
produced lighter layers of the coal and have the highest amounts of detrovitrinite (>90%) 
and ten times more pollen than the forest coals. Forest coals are dark brown in colour, have 
tree stems and stumps, and are microscopically distinguishable by much more telovitrinite 
in which the cell tissues are better preserved in the coniferous-derived coals than in the 
angiosperm-derived forest coals. Sequoia coal is distinguished by thick stumps and 
especially well-preserved cell structures.
Schneider (1980) developed a concept of a sequence of coal facies, based on the vertically- 
stacked facies in the second seam of the Lusatica district that is directly comparable to the 
Rhine coals. Peat development was suggested to conform to the following sequence (Fig. 
3.4):
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1. The sequence started with coniferous wood in which Taxodium was dominant. In 
certain areas, this facies developed from Alnus-Liquidambar woods that contained 
abundant ferns.
2. Under increasingly oligotrophic conditions, a fully developed moor, started to grow, 
mainly consisting of various deciduous plants {Quercus, Ericaceae, Lauraceae. 
Leguminosae). From this moor facies, a compact homogeneous high quality coal 
(non-layered or moderately layered) was formed.
3. A widely-developed reed marsh facies overlies the moor facies and mainly consist 
of monocotyledons, largely grasses. The coal from this facies shows a moderately-to 
well-layered texture and a dark colour (because of a high humic content) and 
consistently becomes increasingly brittle in dry conditions. Freshly broken pieces 
show a black lustre similar to bituminous coal.
4. As the climate and water level changed, the reed marsh was invaded by pines, 
myricaceous plants and palms. At the same time, the reed marsh facies changed into 
forest facies that produced more layered coal, rich in tissue.
5. The final facies is the Macroduria facies, a genes that has long been controversial. It 
is followed either by an intercalated mineral layer, the roof of the seam, or is directly 
adjacent to the next sequence, a younger coniferous facies.
3.3.2 Baipao Coals, China
There are a number of soft brown coal-bearing basins of Tertiary age in Yunan Province, 
southwest China (Qi et <2/., 1994). Most of these are intramontane basins and coal seams are 
commonly of significant thickness. The poorly-stratified Baipao coals occur in a shallow, 
closed trough within a high mountain range and occur in a Neogene sequence of coal­
bearing strata lying unconformable over a basement of Palaeozoic and Precambrian
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sedimentary rocks. The terrestrial coal-bearing sequences have five coal seams with 
individual thickness of 9.5 to 15.5 m (Qi et a/., 1994).
The coal is characterised by extremely high liptinite contents of 71% to 97% (including the 
‘mineral-bituminous’ groundmass) and low vitrinite and inertinite contents. In these coals, 
vitrinite abundance ranges from 1% to 24% and is represented by all the macerals of this 
group, with a dominance of attrinite and minor ulminite and textinite. Densinite and 
humocollinite are more or less absent. Textinite is represented by dark, thin-walled 
textinite, and occasionally thick-walled textinite, which shows a dark yellow or brown 
fluorescence under blue light excitation. Corpohuminite occurs in different tissues and as 
isolated bodies. Tabular phlobaphinite is derived from as cellular bark tissue.
The inertinite consists predominantly of inertodetrinite and small amounts of fiisinite and 
semifusinite.
The liptinite is represented chiefly by a mineral-bituminous groundmass associated with 
sporinite, cutinite, resinite, suberinite, liptodetrinite and chlorophyllite. The mineral- 
bituminous groundmass (a range of 43% to 71% of the total rock) is amorphous and 
probably bituminite which is derived from the degradation products of other liptinite 
macerals. It has a yellow fluorescence and is commonly associated with clay minerals. 
Sporinite and liptodetrinite are the main liptinite macerals ranging in abundance from 20% 
to 50%. Some well-preserved, yellow fluorescing sporinite was identified as conifer pollen. 
The rounded and oval-shaped resinite displays irregular edges and sometimes holes or 
fractures on their surfaces. Small globular aggregating resinite can be observed. Under 
blue light excitation the resinite has a yellow, brown or dark brown fluorescence.
The light, poorly-stratified Baipao coal was thought to be formed in a moor which 
periodically and in certain places dried out so that a selective decomposition of the humic 
substances occurred (Qi et al., 1994). This interpretation is debatable. Because of the high
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liptinite content and lack of stratification, these coals may be classed as sapropelic coal. 
The abundance of liptinite, especially the mineral-bituminous groundmass, suggest these 
coals may have formed in a subaquatic environment where alginite accumulated and then 
decomposed. The low concentration of vitrinite implies an allochthonous origin for the 
plant matter that accumulated in open water conditions to form the peat. The dominance of 
attrinite is possibly due to the degradation of plant remains to a fine detritus during the 
transportation and some sorting may have taken place before accumulation.
3.3.3 Jammu Coals, India
Jammu and Kashmir states are situated in the northern part of India. Workable coal seams 
occur in Kalakot and Mahogala Coalfields that are situated in the sub-Himalayan zone of 
Jammu (Middlemiss, 1929, quoted in Singh and Singh, 1995). The coal seams occur as 
lensoidal bodies in upper Palaeocene to lower Miocene sequences that comprise grey shale 
and carbonaceous shale with limestone. The coals are low volatile bituminous coals in rank 
and are dominated by vitrinite with minor concentrations of inertinite and rare occurrences 
of liptinite (Singh and Singh, 1995). The coals were believed to have been derived from a 
forest moor in a limno-telmatic depositional setting in foreland basins under brackish water 
but with regular influxes of fresh water.
Jammu coals are generally non-layered and lustrous which makes them homogeneous in 
appearance. Rarely, bright layers of vitrain dominate some of the coal seams but vitrain 
usually occurs as thin layers or lenses in durain and fusain layers.
The Rjnax of vitrinite ranges from 1.84% to 1.93% with a mean reflectance of 1.72%. 
Because the coal seams are very thin, there are no significant variations in R^max from the 
top to bottom of a seam.
Petrographically, vitrinite is the dominant maceral group with telovitrinite the most 
abundant maceral subgroup (a range of 59.3% to 92.2%, average of 79%). Inertinite content
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is relatively high in these coals (range of 6% to 31.5%) whereas the liptinite content is 
relatively low, ranging from 0.6% to 2.1%.
Vitrinite occurs as thin to thick layers and is generally highly fractured and, in places, 
severely affected by oxidation as indicated by numerous oxidation rims and numerous 
oxidation cracks.
Telinite is characterised by the cell lumens that are empty or partially to completely filled 
with gelocollinite and mineral matter. The common cell types observed are tracheids, 
arranged in parallel rows, and medullary cells of woody tissues. The lumens are commonly 
small and structurally well preserved. It has been further observed that, in some places, the 
telinitic cell walls have higher reflectance and a lighter colour than the infillings.
Collinite macerals comprise telocollinite, desmocollinite and corpocollinite. Telocollinite is 
characterised by structureless homogeneous layers with some polygonal and randomly- 
oriented cracks which appear to have been produced by tectonic crushing. Corpocollinite 
occurs as isolated bodies and as fillings in cell lumens in telocollinite and fusinite; it has a 
slightly higher reflectance than telocollinite. Desmocollinite occurs as a matrix or 
groundmass associated with liptinite and inertinite macerals in clarite and duroclarite layers.
Liptinite is represented chiefly by sporinite which is mainly thin-walled megasporinite with 
less abundant microsporinite. Cutinite, with serrated walls, and rounded or elliptical resinite 
are relatively rare. The occurrence of resinite in coals of R̂ max 1.72% to 1.76% coals is 
attributed to the retardation of liptinite coalification due to tectonic pressure, as discussed 
by Huck and Patteisky (1964). Stach et al. (1982) suggested that terpene resinite of Tertiary 
coals shows highly variable optical properties, even in one sample, due to the highly 
variable chemical composition of the maceral.
Inertinite abundance ranges from 5.7% to 31.3% and is represented by all the macerals of 
this group but dominantly fusinite and semifusinite. Fusinite is represented by pyrofusinite
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and degrado fusinite, which occur mostly as thin to thick layers, and lenses bodies enclosed 
in collinite. Gelocollinite commonly occurs as an infilling material in fusinite. Fungal 
sclerotinite is usually associated with the desmocollinite and occurs as subrounded, oval 
and, in places, irregular entities which have a dark grey to pale grey colour and low 
reflectance.
The coals contain relatively large amounts of mineral matter. The most common minerals 
are clay minerals, carbonates and pynte. The clay minerals occur mostly as dispersed 
particles in the groundmass, as fissure and cleat infillings and also in the cell lumens of 
telinite. Pyrite occurs as fine dissemination, blebs or discrete grains, fissure and cleat 
infillings, massive replacement material, cavity fillings and ffamboids of various sizes. 
Ankerite and calcite occur as stringers and fissure fillings in vitrite and clarite. Siderite is 
found as nodules and concentrations in vitrinite. Quartz is a minor mineral occurring as 
discrete grains.
3.3.4 Eastern Kalimantan Coals, Indonesia
Eastern Kalimantan coals occur in a series of Tertiary basins formed as a result of rifling 
along the eastern edge of Kalimantan (Daulay, 1994; Hutton et al., 1994). The coals are 
derived from lowland, ombrogenous peat mires for which the vegetation precursors were 
typically tropical rainforest species, dominated by herbaceous angiosperms, ferns and 
mosses growing in a humid tropical zone lacking a significant dry season. The vitrinite-rich 
bright layers were thought to be derived from peat that accumulated under water, in more 
reducing conditions than were present for the inertinite-rich, dull layers which were 
probably derived from peat that was exposed to an oxidising atmosphere above the water 
table (Hutton et a l 1994; Daulay 1994).
The coal seams vary in thickness from a few centimetres to 40 m with dips ranging between 
5° and 25°. Thick vitrain layers are interbedded with finely-striated layers of clarain. Vitrite
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and resinite-rich clarite are the dominant microlithotypes whereas duroclarite and 
vitrinertite (both vitrinite- and inertinite-rich microlithotypes), duroclarite and inertite are 
minor microlithotypes.
The rank of the coals ranges from soft brown coal to high volatile bituminous with 
thermally-altered coals reaching semi-anthracite rank. Average mean maximum reflectance 
values (R^max) for the coals range from 0.30% to 2.03%. Vitrinite reflectance of the coals 
shows significant increases with depth, but no major vertical variation in any single coal 
seam has been documented. Textural and reflectance properties of the coals indicate that the 
Miocene coals have been buried to depths of 1000 to 2000 m whereas Eocene coals have 
been buried to depths of 2000 to 2500 m.
Petrographically, vitrinite is the dominant maceral in the coals with the vitrinite content of 
Miocene coals (range of 63.5% to 98.0%, average of 82.9%) slightly higher than for Eocene 
coals (range of 61.9% to 93.9%, average of 79.4%). Average vitrinite content is 81.4%. 
Telovitrinite is a major to dominant maceral (16.6% to 85.6%) and occurs as thick layers 
(up to 0.60 mm) within a detrovitrinite groundmass. Eu-ulminite is the most prominent 
component of telovitrinite followed by textinite, telocollinite and rarely texto-ulminite. 
Attrinite and densinite are the most common detrovitrinite macerals with desmocollinite a 
minor component. Sparse to abundant gelovitrinite (0.1% to 9.9%) is disseminated 
throughout the telovitrinite and detrovitrinite with porigelinite occurring as thin bands 
within telovitrinite.
Inertinite content is generally very low and is more abundant in Miocene coals (average of 
4.2%) compared to Eocene coals (average of 2.2%). Dominant macerals are semifusinite, 
sclerotinite and inertodetrinite with minor fusinite, micrinite and macrinite. Semifusinite 
commonly occurs as layers (up to 1.0 mm in length), lenses or isolated fragments and is 
generally associated with vitrinite (mainly telovitrinite); in some cases, cell lumen of 
semifusinite are filled with either exsudatinite or mineral matter. Sclerotinite consists of
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unilocular and binocular teleutospores and sclerotia and is generally scattered throughout 
the samples with local concentrations. Due to the changes in the regional environment, 
some coals have above average inertinite contents of up to 31.3%.
Liptinite is abundant in all coals with the exception of the thermally-affected coals in which 
liptinite is not easy to recognise. Liptinite content of Eocene coals averages 11.6% and is 
typically higher than in Miocene coals where the average of 9.0%. Resinite, suberinite, 
cutinite, sporinite and liptodetrinite are the most common macerals in both the Eocene and 
Miocene coals; fluorinite, exsudatinite and Botryococcus-related telalginite are minor 
components. Resinite has bright greenish-yellow to dull orange fluorescence and occurs as 
discrete bodies and lenses with some resinite occurring as diffuse cell fillings in 
telovitrinite, semifusinite and sclerotinite. Suberinite is more abundant in Miocene coals, 
particularly in coals with low vitrinite reflectance. It commonly occurs as distinct layers 
(0.05 mm to 0.40 mm thick) with greenish-yellow to orange fluorescence. Sporinite is less 
abundant in Miocene coals than in Eocene coals.
The mineral content of coals is typically low with the average in Eocene coals (6.7%) 
slightly higher than in the Miocene coals (3.9%). Clay minerals, especially kaolinite, and 
quartz are the most abundant minerals. Calcite is a minor component and generally infill 
fractures. Pyrite occurs in most coals.
3.4 SUMMARY AND CONCLUSIONS
Tertiary coals are widely distributed throughout the world and comprise the bulk of the 
world’s brown coal reserves, and make up a significant percentage of black coals. The coals 
generally are characterised by thick seams, high moisture contents and generally low 
inertinite contents with relatively higher percentage of liptinite. Specifically this literature 
review has shown:
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1. Tertiary plant communities were highly diverse and specialised. The dominant 
species in some Palaeocene mire floras were gymnosperms although angiosperms 
became increasingly prominent later in the Tertiary. The angiosperm-dominated mire 
floras produced coals that differ significantly in composition when compared to 
earlier Permian coals of Australia.
2. Periods of coal development occur within the Middle to Late Eocene and Early to 
Middle Miocene when tropical to subtropical climates favoured luxuriant vegetation 
growth, partly because of the high precipitation.
3. Many Tertiary coal seams are more than 10 m thick and a large number of seams 
attain 50 m or more although there is much diversity in thickness. Australian 
Palaeocene-Eocene coals are commonly thinner (generally much less than 30 m) with 
relatively higher mineral contents and sulphur content than Oligocene-Miocene coals 
(many > 30 m). A similar trend also is found in other Tertiary coals from elsewhere in 
the world. Many thick, good quality coal deposits occur in the foredeeps associated 
with large fold mountains.
4. Petrographically, vitrinite is the dominant maceral in all the Tertiary coals with 
relatively low proportions of inertinite, usually less than 5%, mostly fungal 
sclerotinite. Liptinite is abundant in all Tertiary coals. Resinite, suberinite, cutinite 
and liptodetrinite are the most abundant liptinite macerals in these coals.
Thin layers of telovitrinite, predominantly texto-ulminite and eu-ulminite are 
generally surrounding by or interbedded with thick layers of detrovitrinite 
groundmass (commonly attrinite and densinite).
Minerals in Tertiary coals are similar to those in other older coals but mineral matter 
is relatively less abundant, commonly less than 5%. Clay minerals and quartz are the
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most common minerals with finely disseminated pyrite and carbonate also prominent 
in some coals.
5. Many models have been proposed to describe the depositional environments of 
Tertiary brown coals. The depositional model for Latrobe Valley coal of Australia 
and the Rhine coal of Germany indicate that these coals are the products of multiple 
factors including tectonic setting, palaeofloras, climate, sea level changes and 
palaeogeography. The peat mires were primarily controlled by water depth and 
salinity, which in turn, controlled the plant community.
Palaeobotanical and petrographical research of the Latrobe Valley coals provides 
some basic information that can be used in interpreting the origin of the coals. The 
Pale and Light lithotypes, with a high percentage of humodetrinite and liptinite, are 
thought to have been derived from plant species characteristic of open water 
conditions. The Medium-Light to Medium-Dark lithotypes are thought to have been 
derived from species indicative of swamp forests; the dark lithotypes, with well 
preserved wood fragments, are thought to represent a plant community with a 
significant sclerophyll component that colonised raised bogs.
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Figure 3.1 The climate trends within the Cenozoic, showing the general cooling that eventually 
culminated in the ice ages of the Pleistocene epoch. Major coal deposition is indicated along 
the right side of the diagram, the thickness of the lines represents the relative thickness of the 
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Figure 3.2 Relationship between the colour of lithotypes (A) and the presumed vegetation and 
depostional environments (B) in the Latrobe Valley brown coal of Australia.
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Figure 3.3 The presumed moor types and the related petrographic composition of the 
Miocene Rhine brown coal. From Stach e t al. (1982).
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Figure 3.4 Vertical sequence of No. 2 seam, district of Lusatica (after Schneider, 1980).
T a b le  3.1 G e n e r a l  s e a m  c h a ra c te r is t ic s  o f  C a n a d ia n  in te rm o n ta n e  a n d  fo r e la n d  b a s in  c o a ls .
I N T E R M O N T A N E  C O A L S F O R E L A N D  C O A L S
C U M B E R L A N D  B A S I N  
( S p r i n g h i l l  C o a l f i e l d )
S T E L L A R T O N  B A S I N  
(P ic to n  C o a l i f i e ld )
W E S T E R N  C A N A D A  B A S I N  
( S m o k y  a n d  P e a c e  R i v e r  
C o a l i f i e ld )
> 4 .5  m ^ \  C O > 1 3 . 4  m 
> 2 . 7 5 m
\L^tassKs^B®s^.
> 1 "  111
* f l u v i a l - p i e d m o n t  s e t t i n g * la c u s t r in e  s e t t in g S t r a n d p l a i n  s e t t i n g
* m o d e r a t e  a s h ,  s u l p h u r * h ig h  a sh ,  l o w - m o d .  s u l p h u r * m o d e r a t e  a s h ,  lo w  s u l p h u r
* r a p id  la te ra l  c h a n g e  
( p i e d m o n t / i n n e r  
m i r e / f l u v i a l  
z o n e s )
ra p id  la tera l  c h a n g e g r e a t  la te ra l  c o n t in u i ty  
P a r a l l e l  to  s h o r e l i n e
* b a n d e d  l i t h o ty p e s ,  b r ig h te n  
u p w a r d s
* d u l l  l i th o ty p e s ,  m i c r o b a n d e d * v a r ia b le  l i t h o tv p e  s e q u e n c e s
* v i t r in i t e  i n t e r m e d i a t e * v i t r in i t e  h ig h e s t * v i t r i n i t e  lo w
* in e r t i n i t e  l o w e s t * in e r t in i te  in te r m e d ia t e * i n e r t i n i t e  h i g h e s t
* l i p t i n i t e  h i g h e s t * l ip t in i te  v a r i a b l e * l i p t i n i t e  l o w e s t
* v i t r o d e t r in i t e  v e r y  ra re * v i t r o d e t r i n i t e  c o m m o n * v i t r o d e t r i n i t e  ra re
* s. i n e r t i n i t e /d .  in e r t in i t e .  
h i g h e s t
* s. I n e r t in i t e . /d .  in e r t in i te .  
in te rm ed ia te
* s. I n e r t i n i t e . / d .  in e r t i n i t e  l o w e s t
* g r o u n d w a te r - f e d  m ir e s  
( p l a n a r  to  w e a k l y  d o m e d )
* g r o u n d w a te r - f e d  m ir e  
( s l ig h t ly  e l e v a t e d )
* g r o u n d w a te r - f e d  m ir e s
(s = structured; d = detrims). After Kalkreuth et al. (1991)
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Table 3.2 Brief summary of palynoflora/megaflora taxa of Tertiary coal
A se*- Characteristic Flora and Palynoflora References
Paleocene Northern Hemisphere: T axod ia cea e -C u p ressa cea e -G ly p to stro b u s-  
S eq u o ia  ( T a x o d ia c e a e p o lle n ite s  hiatus),  ferns and a ll ies  
(.L a e v ig a to s p o r i te s  P o ly d iis p o r i te s ,  O sm u n n d a c id ite s , 
G le ic h e n ia c e a e ) ,  S p h a g n u m  (S te r e is p o r i te s ), other  g y m n o sp e r m s  
( P ic e a , P in u s, A l i- s p o r ite s ,  P o d o c a r p id i te s ) ,  a n g io p e rm s  
(B e tu la c e o ip o lle n ite s ,  U lm o id e ip ite s ,  A ln ip o lle n ite s ,  P a r a ln io -  
p o lle n i te s ,  C o r y lu s , M o m ip ite s , P la ty c a r y a , N y ssa , E n g e lh a rd ia ,  
P la ta n u s , P a n d a n n u s, T r ip o ro p o lle n ite s . C a rx a )
C r o s s  a n d  P h i l l i p s  
( 1 9 9 0 ) ,  D e m c h u k  et 
al .  ( 1 9 9 3 ) .  S w e e t  &  
C a m e r o n  ( 1 9 9 1 ). 
P o t te r  e t al.  ( 1 9 9 1 ) ,  
K a lk r e u th  et al.
( 1 9 9 3 ) ,  P o c k n a l l  & 
F lo r e s  ( 1 9 8 7 )
Eocene Northern Hemisphere: T axod iaceae-C up ressaceae-G /y /?asrr0/?u.s'- 
S e q u o ia -M e ta se q u o ia  ( T a x o d ia c e a e -p o lle n ite s  h ia tu s), ferns and a l l ies  
( G le ic h e n i id i te s , p o ly p o d iis p o r i te s ,  C y a th id ite s , L a e v ig a to s p o r i te s ,  
L y c o p o d iu m s p o r ite s ,  V e r ru c a to s p o r ite s ) ,  S p h a g n u m  (S te r e is p o r i te s ), 
a n io sp e rm s  (P la ty c a r y a , B e tu la c e o ip o lle n ite s ,  U lm o id e ip ite s ,  
U lm ip o l le n ite s ,  A ln ip o l le n ite s ,  P is t i l l ip o l le n i te s ,  T ilia , A r e c ip o te s ,  
R a n u n c u la c id ite s , C u p ili fe ro ip o lle n ite s )
C r o s s  &  P h i l l i p s  
( 1 9 9 0 ) ,  S w e e t  &  
C a m e r o n  ( 1 9 9 1 ), 
P o c k n a l l  a n d  F lores  
( 1 9 8 7 ) ,  N i c h o l a s  
( 1 9 8 7 ) .  C o l l a o  et al. 
( 1 9 8 7 )
Southern Hemisphere: N o th o fa g u s, M y r ta c e id ite s ,  P r o to a c id i te s .  
C asuarina K e r s h a w  et al.  (1 9 9 1 )
Oligocene Southern Hemisphere: N o th o fa g u s, M y r ta c e id ite s ,  P o d o c a rp u s ,  
G le ic h e n iid ite s
K e r s h a w  et al.  ( 1 9 9 1 )
Miocene Northern Hemisphere: T a x o d ia cea t-S e q u o ia -G ly to s tr o b u s  
(T a x o d ia c e a e p o lle n ite s  h ia tus, S e q u u o ia p o lle n ite s  m e g a e x a c tu s ) .  
w o o d y  a n g io sp e r m s  ( Q u e r c o id ite s , Q. m ic ro h e n r ic i , N y s s a , 
L iq u id a m b a r , A ln iip o lle n ite s , M a g n o lia ) ,  h erb a ceo u s  a n g io sp e r m s  
(E rica cea e ,  G ra m in ea e) ,  S p h a g n u m  (S te r e is p o r ite s ) ,  o ther  
g y m n o s p e r m s  (p in u s )
T e i c h m u l l e r
( 1 9 8 9 )
Australia: N o th o fa g u s , C a su a rin a , P o d o c a rp u s , M y r ts c e id i te s K e r s h a w  et al.  (1 9 9 1 )
In don esia :  D u rio , C a lo p h y llu m , M e la n o rrh e a , D a c ry d iu m ,  
D a c ty lo c la d u s ,  P o ly p o d iu m , Ilex, P a la q u iu m , O n c o sp e r m a ,  
E la e o c a rp u s , S h o rea , R h izo p h o ra , B ro w n lo w ia , C a su a r in a
D e m c h u k  & M o o r e  
( 1 9 9 3 )
After Shearer et al. (1995)
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Table 3.3 Features of Australian Tertiary coals.
Area E s p e ra n ce ,  W .A . K in g s t o n ,  S .A . Latrobe V a l le y ,  V ic . G e l l io n d a le .  V ic
A g e M - U  E o c e n e M . E o c e n e O l i g o -M io c e n e O l i g - M io c e n e
S e a m s 7 x 3 5  k m 5 x 5 0  km ca. 2 5 x 5 0  km 6 x 8  k m
T h i c k n e s s to 10 m to 12 m 3 0 - 1 2 0  m to 5 0  m
M io s tu r e - - 5 0 -7 0 % 66%
V o la t i l e 16% 47 % 4 5 -5 5 % 51%
A s h  (d ry ) 12% 15% 1-5% 3-4%
S u lp h u r 2% 3% < 1 % < 1 %
C o a l  C o m p o s i t i o n
H u m i n i t e ca .  80% ca. 80% 7 3 -9 1 % 92%
L ip t in i te to 10% 12-19% 3 -9 1 % 7%
In er t in ite to 5% 1-3% 1-3% < 1 %
M in e r a ls to  5% 7 < 1% 1%
R efer en ce s E lm s  e t  a l . .  ( 1 9 8 2 ) M e v e r  (1 9 8 2 ) G e o rg e  ( 1 9 8 2 ) H oldtiate  ( 1 9 8 5 )
After Johnson (1995)
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Table 3.4 The lithotype classification of Latrobe Valley brown coal.
L ith o ty p e C o lo u r Texture G élif ica t io n W eather ing S tren gth
D k: Dark B la ck  to dark  
b row n
H ig h  w o o d  
co n ten t ,  sm a ll  
piece
E x ten s iv e R eg u la r  pattern  
o f  d eep , w id e  
cracks
S trong  hard, 
dense
M -D k :  
M ed iu m  dark
D ark  b row n  to 
m e d iu m  brow n
H ig h  to m ed . w o o d  
co n ten t  in large  
p ieces
C o m m o n  
but not  
ex te n s iv e
R eg u la r  pattern  
o f  w id e  cracks
Fair ly  strong,  
hard, dense
M -L t:
M e d iu m  ligh t
M e d iu m  to 
l ig h t  b row n
H ig h  to lo w  w o o d  
co n ten t,  w ell  
preserve w o o d  +  
s tu m p s
U n c o m m o n Irregular pattern  
o f  s h a l lo w  cra ck s
M ed iu m  
hardness and 
density
Lt: L ig h t L ig h t  b row n M e d iu m  to lo w  
w o o d  content
Rare R a n d o m  pattern  
o f  f ine crack s
S o ft ,  lo w  
density
Pa: P a le P a le  b row n  to 
y e l lo w  brow n
L o w  w o o d  content very rare F e w  e x t e n s iv e  
cracks
S o f t .




Table 3.5 Analysis of Latrobe Valley brown coals from operating open cuts.
P rop erty O p en  cut
Y a l lo u m M o r w e l l  
S e a m  M l
Y a llo u rn  N orth  
E x te n s io n  se a m  
M 2
L o y  Y a n g
S e a m  M 1 B  S e a m  M 2
C o a l  p r o p e r t ie s
M o is tu r e  (a .r .)  (% ) 6 5 . 5 6 0 .1 5 1 . 7 6 2 . 4 6 1 . 0
A s h  (d .b .)  (9c) 1.7 3 .3 4 . 4 1.5 1.7
V o la t i l e  m a tter (d .b .% ) 5 1 .1 4 8 . 2 4 8 . 8 5 1 . 3 5 0 . 5
C a rb o n  (d .b .  96) 6 6 . 7 6 7 .8 6 6 . 7 6 8 . 3 6 9 . 2
H y d r o g e n  (d.b. %) 4 . 7 4 . 8 4 . 7 4 . 8 4 . 9
S u lp h u r  (d .b .  % ) 0 . 3 0 . 4 0 . 5 0 . 4 0 . 4
S p e c i f ic  e n e r g y  
G r o s s  dry (M J /k g ) 2 5 . 9 2 6 .5 2 6 . 2 2 7 . 0 2 7 . 6
N e t  w e t  ( M J /k s ) 7.1 8 .8 11.0 8.1 8 .8
A s h  a n a l y s i s * 
S i 0 2  (9c) • 2 6 . 9 1 6 .4 8 . 6 1 7 .2 4 5 . 5
A h O U 9 c ) 8 . 6 3 .4 5 . 0 1 2 .4 8 .5
F e z 0 3  (% ) 2 0 . 0 9 .3 1 9 .8 1 1 .5 1 7 .4
T iO z  (9c) 0 . 5 0 .3 0 . 6 - -
C a O  (9c) 6 . 0 2 4 . 7 2 5 .1 3 . 0 4 . 8
M g O  (9c) 1 4 .3 1 4 .2 8 . 6 1 1 .6 6 . 6
N a 2 0  (9c) 6 . 5 4 . 9 3 .5 1 7 .4 4 . 6
K 2 0  (9c) 0 . 3 0 .3 0 . 2 - -
S Q 3  (9c) 17.1 2 6 . 6 2 8 . 6 2 6 . 9 1 2 .7
A l l  p e r c e n t a g e s  b y  w e ig h t .  * C o n s t i t u e n t s  are g en e r a l ly  c o m b in e d  in c o m p o u n d s  w ith in  the  ash .  
F r o m  B a r to n e  e t  a i  ( 1 9 8 9 ) .
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Table 3.6 Macerals in Latrobe Valley brown coal lithotypes




M e d iu m -l ig h t  
% W




A ttrin ite 2 5 -5 5 4 0 - 6 0 5 0 - 7 0 5 5 -7 5 6 0 - 7 5
D e s in ite 5 - 4 0 1-15 0 -5 0 -3 0 -2
U lm in i te 2 0 - 3 5 15-30 10-25 5 -2 0 3 - 1 0
L e v ig e l in ite 2 - 1 0 1-5 0-3 0 -2 0-1
C o r p o h u m in ite 2 - 1 0 5-15 5 -1 2 4 -8 1-5
L ip t in ite 1-4 2-6 3 -1 0 4 -1 5 10-25
S c lero t in ite 0-1 0-1 0 -2 1-2 1-4
F u s in i te 0 -2 0-1 0-1
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Table 3.7 Macerai analysis of the Yallourn seam
L ith o ty p e Dark M edium  dark M ed iu m -l ig h t L igh t Pale
M acerai Group
H u m od etrin ite 5 3 .5 5 9 .7 6 5 .7 7 0 .9 6 3 .5
H u m o te l in i te 3 2 . 0 2 3 .6 16.8 10.3 7 .3
H u m o c o l l in i t e 9 .5 11.9 8.1 6 .7 1.9
L ip t in ite 2 .6 3 .7 7 .8 10.5 2 3 .7
Inetin ite 2 .4 1.1 1.2 1.6 2 .9
M inera l Matter 0 .4 0 . 7
Macerai
A ttrin ite 3 2 .2 51.1 6 5 .4 7 0 .9 6 3 .5
D e s i  n ite 2 1 .3 8 .6 1.2
T e x t in ite 1.2 3 .2 2.1 0 .7
T e x to -u lm in i t e 14 .6 16.4 12.9 7 .8 5 .3
E u -u lm in ite 16.2 4 . 0 1.1 1.8 0 .5
T e lo g e l in i t e 4 .1 1.2 1.4 0 .2
D etro g e l in ite 1.1 0 .2
E u g e l in i te 0 .2
P o r ig e l in ite 1.0 0 .8 1.2 0 .7
P h lo b a p h in ite 4 .3 9 .5 5 .7
S p o r in i te 0 . 6 0 .4 2 .0 3 .3 7 .8
C u t in i t e 1.6 0 .5 0 .4 1.0 0 . 3
R e s in i t e 0 . 4 1.6 0 . 2 2.1
S u b er in ite 1.7 1.8 3 .2 1.4
Liptodetr in ite 1.1 2 .0 2 .8 12.1
S c le ro t in ite 1.3 0 .7 0 .6 1.0 2 .4
F u s in i te 0 .7
S e m ifu s in i t e 0 . 4 0 .2
Inertinte 0 .2 0 .6 0 . 6 0 . 5
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Table 3.8 Comparison of maceral group and mineral contents of Tertiary coals from India, Indonesia, New Zealand, Australia, 
Greece, China, Germany and Canada
G e r m a n y  
( V o n D e r  
B r e l i e  a n d  
W o l f ,  1 9 8 1 )
N e w
Z e a l a n d
( N e w m a n ,
1 9 8 5 )
G r e e c e  
( K a lk r e u t h ,  
e t  a i ,  1 9 9 3 )
B a i p a o ,
C h in a
( Q i
e t  al. ,  1 9 9 3 )
C a n a d a  
(K a lk r e u t h  
et  a i ,  1 9 9 5 )
In d ia  
J a m m u  
( S i n g h  a n d  
S i n g h ,  1 9 9 5 )
I n d o n e s ia
P e r a n a p  K a la m a n t a n  
( S u t a r w a n ,  ( D a u l a y ,  
1 9 9 5 )  1 9 9 4 )
A u s t r a l i a
L a t r o b e  C o n d o r  
( D a u l a y ,  ( p r e s e n t  
1 9 8 6 " ’) s t u d y )
V i l r i n i t e
M e a n 9 3 91 9 3 9 0 7 9 . 5 91 8 9 8 6 8 9
R a n g e 8 0 - 9 5 7 9 - 9 7 8 4 - 9 7 1 -2 4 7 5 - 9 7 6 7 - 9 3 8 5 - 9 6 8 1 - 9 5 7 6 - 9 5 7 9 - 9 5
R v  m ax %  range - 0 . 6 - 1 . 4 1 0 . 8 7 - 1 . 3 9 - 0 . 2 9 - 0 . 4 1 . 8 4 - 1 . 9 3 0 . 2 6 - 0 . 3 4 0 . 3 8 - 0 . 8 3 0 . 2 4 - 0 . 3 6 0 . 4 - 0 . 7 8
L ip t in i t c
M e a n 5 2 4 - 6 8 1.4 7 6 1 1 9
R a n g e 1 - 1 2 tr.- 9 2 - 1 5 7 1 - 7 9 2 -2 1 0 . 6 - 3 2 . 4 - 1 3 2 - 1 5 5 - 1 7 5 - 1 2
C o m m o n
m a c e r a l
S p ,  R e s ,  C u t L i p t ,  R e s .
_J>P___________
S p ,  L ip t ,  F lu B i ,  S p ,  C u t ,  
L ip t
S p ,  S u b e r ,  
R e s ,  L ip t
S p ,  L ip t ,  R e s ,  
S u b ,
L i p t ,  R e s ,  
C u ,  S u b
R e s ,  L ip t ,  
S p
L i p t ,  S u b ,  
S p
L i p t ,  E x ,  
C u
In e r t in i t e
M e a n 2 5 2 3 8 2 3 2 0 . 2
R a n g e tr. - 3 tr. - 9 1-7 1-3 M 3 2 - 2 0 0 . 2 - 4 . 5 1 -7 tr. -5 t r a c e - 0 .6
C o m m o n
m a c e r a l
S c i ,  In d i S f ,  S c i . S f ,  F u s ,  Inert S f ,  F u s ,  Indt S f ,  F u s ,  Inert S c i ,  S f ,  Indt S f ,  S c i ,  Indt S f ,  F u s ,  
S e l ,  Indt
S c i ,  In d i S c i
M in e r a l  m a t t e r
M e a n tr. 2 18 7.1 2 tr. 2 8
R a n g e - 1-5 1 4 - 3 6 1 -2 4 0 - 4 7 7 -3 1 1-21 tr. - 3 tr. - 1 7 - 6 0
C o m m o n
m i n e r a l s
C l C l ,  P y t C l ,  P y t C l ,  P y t , C l ,  Q  . C l ,  P y r C l ,  P y r C l ,  P y r C l ,  P y r C l ,  S i d ,
p y
N o .  o f  s a m p l e s 2 0 3 5 6 15 2 0 9 5 7 2 3 4 7 2
K e y :  S p  =  s p o r i n i t e ;  F u s  =  f u s i n i l e ;  R e s  =  r e s in i l e ;  Q l z  =  q u a r tz ;  L ip t  =  l ip t o d c lr i n i t c ;  S i d  =  s i d e r i t e ;  A l g i  =  a l g i n i t e ;  P y r  =  P y r i t e ;  SI' =  s e m i f u s i n i t e ;  k a o l  =  k a o l i n i t e ;  
In d i  =  in e r to d e tr in i te ;  Ir. =  <().59i>; C u t  =  c u i  ini te .  S u b  =  s u b e r in i t e ;  M i e  =  m ie r in i t e ;  S c i  =  s c l e r o i i n i i e ,  B i  =  M in e r a l - b i t u m i n i t e  g r o u n d m a s s  M a r  =  m a r e a s i t e .
Table 3.9 Forest swamp types of the main Rhine seam
dominant vegetation type forest tvoe subtvDe
Gymnosperm 
(= Coniferous forest)
dubious - forest dubious-forest
with A ln ip o lle n ite s  versus and
Lcivigatosporites h a a rd ti
Triporates-forest 
with Q uero id ites  hen ric i and 
Triporates-forest C upu lifero ipo llen it.es  fa l la x
Triporates-forest 
with S te re isp o r ite s




e x a c tu s -forest
M agciexactus-exactus forest m e g a e x a c tu s-e x a c tu s  forest
with In a p er  tu rop o llen ite s  
d u b io u s  and D isa c c ite s
Microherici-forest




COAL FACIES AND DEPOSITIONAL ENVIRONMENTS
The concept of coal depositional environments is concerned with the type of mire, the 
conditions of peat accumulation within it and the relationship between coal facies and 
sedimentary settings of the mires (Stach et al, 1982). Various macérai analysis methods 
have been used to interpret the palaeoenvironment of coals. However, current coal 
paleoenvironmental analyses are based mainly on:
i. macérai associations and mineral matter (Kalkreuth et al., 1991; Marchioni and 
Kalkreuth, 1991);
ii. indices reflecting the groundwater table and vegetation (Calder et al., 1991);
iii. indices indicating tissue preservation and gélification levels (Diessel, 1982; 1986; 
1992; Kalkreuth et al., 1991; Lamberson et al., 1991).
4.1 PEAT-FORMING ENVIRONMENTS
Environments of peat formation are generally slowly sinking depressions where mineral 
input is nil, or very small, and where the groundwater table can keep abreast of peat 
formation. Most extant large peat-forming mires occur on flat coastal plains, often protected 
by sand bars in lagoons and in deltaic areas. Such sites of ‘paralic peats’ are often 
distinguished from those of Timnic peats’ which are deposited further inland in 
intermontane and continental basins along rivers, around lakes or in other depressions. 
These sites are little affected by the oceans
Two basic types of peats are often distinguished: allochthonous and autochthonous. 
Allochthonous peats are those in which the plant material has been transported from outside
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the basin, generally some distance. Autochthonous peats consist of plant detritus which 
accumulated in situ (such as roots, tree stumps) or were moved only a short distance (for 
example, fallen trunks, branches and leaves); the latter are sometimes called 
hyp autochthonous peats.
4.1.1 Allochthonous Peat/Coal
A few coals are undoubtedly allochthonous. Cannel coals, for example, consist of plant 
debris and other phyterals such as spores and pollens washed into lakes where they 
accumulate as sapropels (Moore, 1968). Since the more susceptible plant remains are easily 
decomposed during water transport, it is those that are especially resistant, such as the 
corpohuminite, and some liptinite and inertinite, that become concentrated in clastic 
sediments (Stach et al., 1982). Most cannel coals are found as layers within or on top of 
humic coals and they probably represent allochthonous coals. The coals have low ash 
yields where stream feeding such lakes transports little or no clastic sediment. It is possible 
that some humic coals are partly allochthonous in nature, having accumulated in lakes or 
other environments in the same way as cannel coals.
Comparative thin section studies of Florida peats, carried out by Cohen and Spackman 
(1980) showed that allochthonous peats exhibited a sub-parallel orientation of the plant 
fragments. Plant remains are usually broken down to fine detritus and some sorting takes 
place before accumulation. This accounts for the different macerals being similar in size, 
and the fine granularity of the peat.
4.1.2 Autochthonous Peat/Coal
The vast majority of economic coal deposits are thought to be autochthonous (Stach et al., 
1982). Cecil et al. (1985) found that in tropical to temperate areas, ever-wet conditions
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(such as high annual precipitation, evenly distributed throughout the year) are essential 
prerequisites for thick autochthonous peat development. There are three types of 
autochthonous peat swamps: floating swamps, low-lying swamps and raised swamps 
(McCabe, 1987). These types can be considered as part of a continuum in the evolution 
through time of the morphology of the peat swamp (Fig. 4.1).
Floating Swamps. Floating swamps commonly develop over open water in shallow lakes. 
Some of the better quality peats in the Mississippi Delta develop as floating marshes (Kolb 
and Van Lopik, 1958; Russel, 1967). Floating swamps may form in temperate areas (such 
as Europe and North American at present), where cat tails and sedges (particular Carex 
rostrata) are commonly the dominant plants, or in tropical aquatic systems, as in East 
Africa, where papyrus (Cyperus papyrus) is frequently the main mat producer. These 
floating swamps tend to accumulate along the margins of the lake together with other 
drifted plant material. Accretion of such material may build a platform of floating peat 
around the edge of the lake and may even cover the entire lake on which plants may 
become rooted. The peats are relatively low in mineral content and are usually underlain by 
organic-rich mud (Russel, 1967). An upward succession is commonly carbonaceous shale 
to coal. Floating peats usually generate thin coal deposits.
Low-lying Swamps. These swamps may be deposited over an underlying topography but 
build to a near horizontal swamp surface in environments such as river lowlands, the banks 
of lakes and coastal lagoons. Most swamps of the Gulf Coast region of the USA are low- 
lying swamps (McCabe, 1991). The swamps are generally slightly acidic (pH between 4.8 
and 6.5), are rich in plant nutrients and have a high diversity of plant types (Stach et al., 
1982). They include:
i. areas of open water, in which peats and organic mud are formed from partly 
subaquatic water plants;
ii. open marshes with sedges, reeds and other herbaceous vegetation; and
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iii. forest and bush swamps with vegetation that is woody.
Such swamps typically have very wet surfaces and large parts may have a telmatic flora 
such as reeds and water lilies. Thick, high quality peat can accumulate. Usually clay 
minerals accumulate along the margin of the swamp, producing boghead coals with the 
peats in the centre of swamp having relatively low mineral contents, consequently forming 
low ash coals (Renton, 1982; McCabe, 1991).
Raised swamps. Raised swamps form in close proximity to active clastic environments 
such as deltas, coastal plains and alluvial plains. Raised swamps or mires have convex- 
upward surfaces and can be raised several metres above the surrounding topography 
(Anderson, 1964; Styan and Bustin, 1983). This type of swamp is common in the cool 
temperate and tropical peat-forming areas where the annual rainfall is greater than annual 
evaporation (Stach et a l , 1982). In temperate areas, raised swamps are dominated by a low, 
herbaceous flora with sphagnum moss being particularly common (Cameron et al., 1989). 
In the tropics, raised swamps are densely forested. Both temperate and tropical swamps 
show strong concentric zonation in floral communities that are reflected in a distinct floral 
and peat facies succession within the peat profile (Anderson and Muller, 1975). Because 
water is predominantly from atmospheric precipitation, most of the particulate inorganic 
matter at the surface of such swamps is in the form of wind-blown and rain-washed dust. 
This results in the accumulation of peats with low to very low sulphur contents, low 
mineral contents but significant thickness and very considerable areal extent (McCabe, 
1984).
The modem Indo-Malaysian peats are generally raised swamps. Studies of modem raised- 
swamp peat deposits in Indonesia (Anderson, 1964; 1983; Anderson and Muller, 1975; 
Cohen and Stack, 1996) show concentric zoning of the peats as follows:
1. Zoning in the raised swamp vegetation is characterised by:
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- a peripheral zone with highly developed swamps composed of taller, bigger and 
more luxuriant plants, with great species diversification; and
- a central zone of highly-developed woodland with shorter, smaller herbaceous 
plants and fewer species; sphagnum is a diagnostic plant;
2. Areal zonation of the vegetation caused by the vertical variation in the types of peat 
resulting in:
- humified woody peat and nutrient-rich peat in the lower part of the mire, producing 
a coal with a thin, dull facies (rich in inertinite and mineral matter), and
- less humified peat in the upper part of the peat, producing a coal that is uniformly 
bright to the top.
Cohen and Stack (1996) noted that large raised peat tends to be very thick and more 
uniform in composition with less mineral matter. These peats contain fewer inorganic splits 
than some other types of peats. The raised peat facies usually produces uniform bright coal 
types (clarain and vitrain) but may have dull coal types such as durain (inertinite-rich) or 
vitrain (wood-derived) layers, produced by planar-formed peat facies.
4.2 COAL FACIES CLASSIFICATION
Coal facies are determined mainly by the maceral and mineral contents. These are 
considered to be the product of initial biochemical and geochemical processes on the plant 
remains and associated sediments, and are influenced by the physical and chemical 
conditions in peat swamps. Coal facies have been discussed by several authors including 
Smith (1968), Neavel (1981), Stach et al. (1982), Diessel (1982; 1986; 1992), Bustin et al 
(1983), Smyth (1984), Calder et al. (1991) and Lamberson et a l  (1991). Most of these 
authors suggested that the physical, chemical and microbiological conditions in peat 
swamps are predominantly affected by geographic conditions, principally water depth and 
related water movement in the swamps. Therefore, coal facies are usually divided into three
67
main groups on the basis of water level (Fig. 4.2): terrestrial, telmatic and limnic coal 
facies.
1. The terrestrial facies is found in dry areas in which terrestrial plants form forest peat.
2. The telmatic facies is associated with undisturbed peat that grew in situ including forest 
peat (shallow water), reed peat and high-moor peat.
3. The limnic (or subaquatic) coal facies is related to deposits that are laid down in lakes 
or ponds. Algal mud and oozes may serve as forerunners of these peats and boghead 
coals. Coals formed in these environments are commonly thin (<lm), have high ash 
and pyritic sulphur contents, abundant sporinite and alginite. Macerals show evidence 
of corrosion by the alkaline waters that commonly occur in the swamp (Diessel, 1986; 
Crosdale, 1993).
Based on studies of the Rhine coals, Germany, and analyses of results from North 
Yorkshire and Pennsylvania coals studied by English and American authors, Strehlau 
(1988) and Dehmer and Strahlau(1997) established the main facies types for the Rhine 
coals as follows:
1. Shaly coal facies. This facies is dominated by thin layers of clean coal, shaly coal, 
coaly shale and shale. Coal composition varies but is dominated by detrovitrinite-rich 
trimacerite and only low concentrations of durite. The shale layers in the coal seams 
and high mineral contents imply a brief stage of severe flooding events in a long 
period of peat formation in an upper delta / alluvial plain environment.
2. Vitrinite-fusinite facies. This facies is dominated by wood-derived vitrinite from 
lycospores. Thick vitrain layers are dominated by vitrinite (in vitrite, clarite and 
duroclarite) although thin fusain layers and lenses of semifusinite and fusinite can be 
found in some seams. The abundance of a gelified biomass and occasional occurrence 
of carbargillite and shale layers indicates the mesotrophic, telmatic nature of the 
facies which develops on a flood plain/basin to alluvial plain setting.
68
3. Densosporite facies. This facies is characterised by dull (durain) and banded dull 
(clarodurain) coal. Microscopically durites and clarodurites have abundant detro- 
inertinite, with densospores and low mineral content. The facies may form in two 
different settings:
i. periodic desiccation in a topogenous setting with herbaceous possibly marsh 
vegetation (Mittapalli, 1966; Littke, 1987; Hagemann and Wolf, 1989); and
ii. periodic desiccation in an ombrogenous setting with herbaceous or shrub-like 
vegetation (Strehlau, 1990).
4. Sapropelic facies. This facies covers both cannel coal and boghead coal. The coals 
are characterised by a homogeneous texture and a lack of stratification. Both cannel 
coals and boghead coals have abundant liptinite with cannel coal containing abundant 
spores and boghead coal characterised by abundant alginite. Both were formed under 
hypautochtonous limnotelmatic to deep-water basin environments.
After a detailed study of recent mires and associated peats in the Frazer River Delta, Styan
and Bustin (1983) established three peat-forming environments:
i. an inactive portion of the distal lower delta with salt and brackish marshes where thin, 
sulphur-rich peat layers are deposited and alternate with layers of predominantly 
clastic sediments;
ii. fluvially-dominated areas between the lower and the upper delta plain where sedge- 
grass marsh and the thickest peat deposits occur in abandoned channels; peats contain 
abundant clay minerals, silt and sulphur; and
iii. the alluvial upper delta plain with sedge-grass peats and gyttjae, both relatively poor 
in clastic minerals and sulphur; in this area, only convex peat deposits, which are 
dependent on high rainfall, are likely to develop into thick mineable coals.
4.3 LITHOTYPE-BASED COAL FACIES INTERPRETATION
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The various associations of macérais and microlithotypes have their macroscopic 
expression in the form of lithotypes. These are macropetrographic units that are identified 
by a set of physical properties, such as colour, lustre, texture and fracture pattern. The term 
lithotype was proposed by Seyler in 1954 (ICCP 1963) to designate these macroscopically 
distinguishable layers in humic coals that Stopes (1919) had previously described and 
named.
Variation in the petrography of lithotypes is a function of their origin (vegetation and 
depositional setting) and contributes to variations in lithotype properties due to the different 
properties of the component macérais (Cameron, 1978; Marchioni, 1980; Diessel, 1965). In 
general, vitrinite content decreases and inertinite, liptinite and mineral contents increase as 
coals become duller. These general trends in lithotype composition are likely to be 
manifested as variations in physical and chemical properties. Because of the striking 
differences in appearance between brown and black coal, different macérai terminology and 
classification were applied to these coals (ICCP, 1963; 1975).
4.3.1 Brown Coal Lithotypes
The major criteria for distinguishing brown coal lithotypes is colour and texture with degree 
of gélification, weathering pattern and physical properties used as supplementary features. 
For example, the Latrobe Valley brown coal, when dry, shows prominent colours and 
fracture patterns and this is related to the five main lithotypes (Table 3.4), The lithotypes 
also reflects the degree of shrinkage and gélification. However, as shown in Tables 3.6 and 
3.7, the colour-based lithotypes are also characterised by distinct macérai assemblages. In 
general, the Dark and Medium-dark lithotypes have high humotelinite and relatively high 
humocollinite, whereas the liptinite and humodetrinite contents tend to be low. In contrast, 
the Light and Pale litho types have low contents of humotelinite and humocollinite, and are 
characterised by high liptinite and humodetrinite contents.
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4.3.2 Black Coal Lithotypes
The lithotypes of black coal differ mainly from each other in hand-specimen and lustre. 
The lithotypes range from bright to dull with a complete range of interlaminated gradations 
between the extremes. Historically, four lithotypes have been distinguished, firstly by Fay 
(quoted by Freund, 1952), and later by Stopes (1919); these were referred to as vitrain 
(bright layers), clarain (semi-bright layers), durian (dull layers) and fiisain (mineral 
charcoal). Microscopically, vitrain is composed of vitrite and clarite, clarain is composed of 
vitrite, clarite, trimacerite and fusite and durain is composed of durite and trimacerite and 
sometimes also of liptinite-rich clarite. Based partly on the German classification of 
lithotype, Diessel (1965) introduced the lithotype classification listed in Table 4.1. This 
terminology can be applied to a wide range of coals and provides a series of terms for 
megascopic description of higher rank coals.
4.3.3 Lithotype Facies and Depositional Conditions
The origin of lithotypes in both brown coal and black coals has been the subject of ongoing 
debate in the literature and the origin of the pale layers in brown coals has attracted most 
attention. Based on different data, different interpretations of environments and depositional 
models have been proposed concerning the origin of coal lithotypes.
1. Generally, it has been accepted by coal petrologists that
i. cannel coals and boghead coals (the sapropelic coals) are derived from subaquatic 
muds deposited in still-water ponds;
ii. microlithotypes with abundant vitrinite indicate relatively wet conditions during peat 
formation, especially when combined with clay partings and inclusions of syngenetic 
pyrite; and
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iii. microlithotypes with abundant inertinite, especially fusinite, semifusinite and 
macrinite, are generated from peat types deposited under relatively dry, and more 
oxidising, conditions.
2. Marchioni and Kalkreuth (1991), utilised the facies diagrams proposed by Diessel 
(1986) in a study of Cretaceous coal lithotypes in western Canada (Fig. 4.3). They 
found that bright and banded bright coals indicate formation in a wet forest moor and 
the dull and banded dull coals in a drier forest moor. They also found a regular 
decrease in the structured vitrinite/structured fusinite in the transition from bright to 
banded dull coals, indicating decreased gelification of woody tissue and a decrease in 
the structured maceral/detritus maceral ratio, indicative of a decreased input of woody 
materials. The average value for all dull coals showed a marked increase in 
inertodetrinite, suggesting a significant influence from open moor conditions. Thus it 
appears that for organic-rich rocks, deposition in a fully limnic (= lacustrine) 
environment is indicated by the predominance of mineral matter and alginite 
macerals.
3. Earlier palaeobotanical research tended to support a relationship between lithotypes 
for Tertiary brown coals and depositional environment (Blackburn and Sluiter, 1994). 
The paler lithotypes contain high amounts of detrovitrinite and liptinite which are 
characteristic of open water conditions such as reed moors. The medium-light to 
medium-dark lithotypes include species indicative of swamp forests such as 
angiosperm forests. The darker lithotypes are thought to reflect emergent peat 
surfaces with stunted forest heaths such as coniferous forests (Luly et al., 1980; 
Sluiter and Kershaw, 1982; Kershaw and Sluiter, 1982; Kershaw et al., 1991).
i. The depositional cycles in the Morwell Seam, Latrobe Valley, commonly 
commence with a sharp basal contact below the dark lithotypes. This may 
represent a rheotrophic phase with an influx of nutrients and low acidity,
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followed by more restricted oligotrophic, and possibly ombrotrophic, conditions 
as the lithotype colour become lighter upward (Mackay et al., 1985). Based on 
the systematic analysis of palaeobotany and chemical composition of the coal, 
Dehmer (1989) and Lu and Zhang (1986) also recognised the systematic vertical 
change in seam development from eutrophic to oligotrophic conditions in 
Germany and China and thought these responsible for changes in the dark to light 
lithotypes.
ii. For Victorian coals, the darker lithotypes are most likely derived from peat 
deposited in the most waterlogged parts of the peat swamp. High sulphur 
intervals in the lower parts indicate a brackish water environment. These 
lithotypes formed in the earliest part of the cycle, simultaneously with the marine 
clay splits, and then grade upwards through medium-dark and medium-light 
lithotypes, to the final phase represented by light and pale lithotypes (Holdgate et 
al., 1995). The upward change to pale lithotypes was interpreted by the authors 
as most likely to be a result of nutrient starvation and increased acidities during 
upward building of the peat, accompanied by climate changes.
iii. The paler lithotypes are the product of partial oxygenation, oligotrophy and 
concomitant high acidity which can be achieved in raised bogs as much as in 
topogenous settings. Thus there is limited nutrient supply hence low rheotrophy 
or minerotrophy (Kershaw et al., 1991). Other authors thought that the pale and 
light lithotypes represent restricted deposition in highly developed raised 
swamps where slow depositional rates and open vegetation permitted extensive 
aerobic degradation of plant tissues and significant allochthonous deposition of 
pollen from species with high wind dispersal capacity (Anderson and Mackay, 
1990). Hiltmann (1976) interpreted the light layers as having undergone 
extensive frequent flooding.
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4. The dark lithotypes of the brown coal from the Lower Rhine area indicate weakly 
acid to neutral pH conditions and a relatively good supply of nutrients (eutrophy) 
whereas the pale lithotypes were formed under oligotrophic and rather acidic 
conditions with little input from bacteria or bacterial degradation (Dehmer, 1988).
4.4 MACERAL-BASED COAL FACIES INTERPRETATION
Facies critical macérais and petrographic indices derived from macérai analyses have been 
used to assess depositional environments at the time of accumulation of ancient peats 
(Diessel, 1982; 1986; 1992; Navale and Misra, 1984; Kalkreuth and Leckie, 1989). The 
proportions of macérais in coals is believed to reflect the organic source materials 
contributing to the accumulation of peat, and the conditions during accumulation. These 
conditions include such variables as height of water table, pH, decay by aerobic and 
anaerobic bacteria, and mechanical breakdown of organic matter related to transportation 
prior to final sedimentation. During the 1980s, new methods for interpreting 
palaeoenvironments, implementing organic geochemistry and biomarkers, especially for 
low rank coals, has become more common in literature (Diessel, 1982; 1986; 1992; Navale 
and Misra, 1984; Kalkreuth and Leckie, 1989; Teichmüller, 1989)
4.4.1 “Facies-critical” Macérai Interpretation
Coal macérais contribute to palaeo-environmental analysis at two levels of inquiry; these 
can be described as the attribute and the scalar properties (Diessel, 1992). At the attribute 
level, palaeo-environmental significant macérais, such as telalginite and the different 
thickness of cutinite, define the type of peatland in which a coal originates. The presence of 
alginite, in particular telalginite, invariably signifies lacustrine conditions no matter 
whether its proportion in the coal is large or small (Diessel, 1992). The presence of thin 
cutinite has been interpreted as wet environments whereas relatively thick cutinite signifies 
comparatively dry conditions. Likewise, thin-walled tenuispores, particularly if derived
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from lycospores, are characteristic of a wet, arborescent lycopod swamp (Felix, 1954; 
Fulton, 1987), whereas densospores that have been derived from herbaceous lycopods 
indicates a relatively low groundwater table (Butterworth, 1966; Phillips and Peppers, 
1984; Diessel, 1992).
At the scalar level, Diessel (1982) based his interpretation of coal-forming facies on the 
relative proportions of “ diagnostic” macerals in a coal. Several macerals were considered 
to be facies-diagnostic because of a general agreement as to their origin.
In brown coals, “ facies-critical” macerals or maceral subgroups, such as textinite, which is 
derived from wood-producing plants, and liptinite macerals, such as sporinite and cutinite, 
have also been used to interpret environments. Other macerals such as alginite, semifusinite 
and fusinite are indicators of the relative position of the water table during peat 
accumulation.
Textinite (and telinite) and telocollinite are derived from partially gelified wood tissue and 
are indicative of both an abundance of marsh plants (sedges, grasses) and the degree of 
biochemical gelification, which in turn is related to the availability of a relatively large 
amount of water. Teichmuller (1989) noted that most textinite (and telinite) in brown coals 
is derived from coniferous wood, whereas angiosperm wood, and the non-lignified tissues 
of herbaceous plants, are structurally more or less decomposed, leading to the formation of 
detrovitrinite. Under freshwater conditions, more telocollinite will form whereas under 
marine conditions more desmocollinite will form (Styan and Bustin, 1983). The structured 
inertinite macerals indicate input from woody vegetation, some charcoal is derived from 
fire and this may indicate relatively dry conditions conducive to forest fires.
In brown coal, telovitrinite very likely represents good preservation so that plant tissue still 
retains clear evidence of its original cellular structure. On the other hand, detrovitrinite 
macerals (attrinite and densinite) represent conditions in the peat swamp which gave rise to
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accelerated biological, chemical and mechanical decomposition of plant tissue, resulting in 
the intimate mixing of finely comminuted fragments of various parent materials. Facies 
analysis of the Rhine brown coal (Teichmuller, 1989) showed that coals with abundant 
well-preserved telovitrinite accumulated in a forest-type swamp whereas coals with 
abundant humodetrinite and spores are thought to have accumulated in a reed marsh 
depositional environment. An association of humodetrinite, sporinite and clay minerals is 
thought to indicate subaquatic conditions. The high content of corpogelinite may either be 
due to a dominance of cork and bark tissues in the original plant material (phlobaphinite) or 
to a strong degree of gelification (pseudo-phlobaphinite) (ICCP, 1975; Stach et al, 1982).
Work by Hagemann and Wolf (1989) showed that there is a difference in the liptinite 
compositions for different environments. The coals formed in intermontane basins, usually 
in subaquatic environments, contain more alginite and decomposition products from algae 
(bituminite) than coals formed in foredeeps (such as the Rhine coal) which are likely to 
contain liptinite from terrestrial sources (sporinite, cutinite, resinite and fluorinite).
Tertiary coals are known to have especially abundant resinite, due to an abundance of 
conifers in the Tertiary flora (Stach et al, 1982). Botanically, resinite is derived from 
secretions from cells, oils and waxes. It is well known that in tropical areas, many 
angiosperms have abundant resins, latex, oils and fats, that is substances that may be the 
source of resinite. Isolated resinite bodies, with surface corrosion and higher reflecting 
oxidation rims, may indicate deposition under aerobic conditions, either at the peat surface 
or under oxygenated water.
Suberinite is diagnostic of Tertiary coals and has been recognised in some Mesozoic coals 
(Stach et al, 1982). It is derived from the suberin layers of corkified cell walls mainly in 
tree barks as well as surfaces of roots and fruits. It usually occurs as low reflecting but 
fluorescing thin walls surrounding higher reflecting, mostly tabular, phlobaphinite.
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Bituminite is an amorphous material that is highly concentrated in the pale lithotypes of 
brown coals and also is abundant in many oil shales, especially marine oil shales 
(Teichmüller, 1989; Qi Ming et al., 1993). Bituminite is the decompositional product of 
terrestrial and marine plants such as algae, animal plankton and bacteria (Masran and 
Pocock, 1981). When formed in a reducing environment, under the influence of anaerobic 
bacteria, bituminite tends to be lighter in colour in transmitted light (or darker under 
incident light) than when formed in a more oxidising environment.
Diessel (1982) made use of two ternary facies diagrams to compare the diagnostic macérais 
and other organic components of the coals to determine the coal-forming facies. The apices 
of one diagram were:
W(oody) = Tehnite+TelocolUnite+Semifusinite+Fusinite 
D(ispersed) = Alginite+Sporinite+Inertodetrinite 
R(emainder) = Other macérais (principally desmocollinite)
Seams with less than 50% diagnostic macérais (W+D), were assigned to a mixed facies. 
Seams with approximately 50% or more of the diagnostic macérais were plotted on a 
second facies diagram (Fig. 4.3) with modified apices of:
T(elinite) = Telinite + Telocollinite 
F(usinite) = Fusinite + Semifusinite 
D(ispersed) = Alginite + Sporinite + Inertodetrinite
In this second facies diagram, the ratio (T+F)/D, (or W/D) is termed the wood ratio. The 
wood ratio is indicative of the degree to which woody tissue has contributed to the peat, at 
the expense of ‘dispersed’ macérais that are represented by transported detritus. Coal facies 
with ratios of (T+F)/D <1 were assigned to the open moor facies and where ratios were >1 
these categories are assigned to forest moor facies. The T/F ratio indicates the degree of 
gélification of the woody tissue and is also a ‘dryness’ indicator with a higher proportion of 
structured inertinite indicating a drier environment.
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For low rank coals, Mukhopadhyay (1986) developed a ternary diagram (Fig. 4.4) to assess 
peat-forming environments for the Wilcox and Jackson coals in USA. Mukhopadhyay s 
facies-critical maceral associations were:
A = telovitrinite+corpohimrinite+phlobaphinite+terrestrial liptinite 
B = detrovitrinite+gelinite+liptodetrinite+alginite 
C = inertinite
In this facies model, the ratios of telovitrinite (well-preserved tissue) to detrovitrinite are 
used to delineate relative differences in depositional environments of the coal studied. The 
reed marsh is represented by large amounts of detrovitrinite and inertinite, indicating 
increasing maceration, bacterial activity and anoxic conditions, whereas the forest swamp is 
characterised by large amounts of well-preserved cellular or structured macerals which 
indicate mildly oxic to anoxic conditions with good tissue preservation.
Using the giant (350 to 550 m thick) brown to sub-bituminous coal deposit of Hat Creek as 
an example, Goodarzi (1985) proposed a facies diagram (Fig. 4.5) based on the mineral 
matter, humotelinite, humocollinite, humodetrinite, inertinite and liptinite for the 
interpretation of vertical seam development. He showed the importance of mineral matter 
when reconstructing environments for coals, especially when interpreting the extent of wet 
and dry conditions, and their relation with the rate of subsidence. A gradation from “ very 
wet” to “ dry” conditions was inferred along the base line to 20% mineral matter (= coal) 
from left to right, whereas the upward transitions from coal to carbominerite and to 
argillaceous shale were taken to indicate greater water depth, more turbulence and a higher 
rate of subsidence. Goodarzi concluded coals that formed in a more turbulent environment, 
with an irregular rate of subsidence, have thin seams and more interbedded sediments; coals 
formed in a calm environment have thicker seams and very little interbedded sediments.
Using the above principles of Goodarzi (1985) as a basis, Singh and Singh (1996) 
developed a facies model (Fig. 4.6) for the Rajmahal coals, India. They plotted maceral and
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mineral content on a ternary diagram and in this model, importance was given to mineral 
matter because the quantity of mineral matter in the coals directly relates to the influx of 
surface water in the swamps. This mpdel is useful for the interpretation of the environment 
of coals with abundant mineral matter. The intermittent flooding of the basin is indicated by 
the high mineral contents; ffamboidal pyrite indicates the development of intermittent 
brackish water conditions either due to changes in the chemistry of stagnant deep water or 
marine incursions.
4.4.2 Geochemical Significance of the Palaeo-Environment
Coal contains a large variety of major, minor and trace elements. Numerous element ratios, 
ternary plots and references have been used in interpreting environments of deposition of 
coals.
Kamer et al. (1986) categorised the elements in low rank coals into two major associations. 
Elements with an inorganic association included Si, Sc, Ti, V, Cr, Co, Br, Y, Zr, Sb, Cs, La, 
Ce, Sm, Eu, Yb, Th and U. These elements usually occur in detrital or authigenic mineral 
grains and are distributed at the upper and lower margins of the coal seam. Elements with 
an organic association usually concentrated within the central portion of the seams and are 
bonded to organic components. Elements included in this group are Na, Mg, Ca, Sr, and Ba. 
Other elements including Al, S, K, Mn, Fe, Cu, Zn, As, and Se are found to occur both in 
the mineral phases and bound to organic components.
The distribution of an element is a result of its geochemical properties and the variabilities 
of elements within a seam reflects both the extent of authigenic mineralisation as well as 
the influence of post-depositional processes.
Sulphur content in coals is influenced by the acidity of the peat, the iron concentration and 
the sulphate content of waters within the peat (Casagrande, 1987). Marine (brackish) peats 
and fresh-water peats with marine roof-rocks deposited in an alkaline, calcium-rich
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environment generally have high organic sulphur contents, high bacterial activity and an 
anomalous enrichment of U, Mo and W (Stach et al, 1982; Querol et al., 1996). After a 
study of fresh-water and marine peats, Cecil et a l (1979) stated that low ash and low 
sulphur coals were deposited as fresh water peats which were underlain and overlain by 
fresh-water clastic sediments in which limestone was absent. Where limestone are present 
in fresh-water sedimentary sequences, the coals are of intermediate ash yield and sulphur 
content. High ash and high sulphur coals are associated with brackish or marine sediments.
Si02, MgO, CaO, Mo and Zr have been used to distinguish fluvial from lacustrine 
carbonaceous rocks as follow:
i. high Si02 and Zr reflect a strong terrigenous clastic contribution to the sediments;
ii. Mo is the best marker for lacustrine depositions, since poor aeration of lake bottom 
water favours uptake of this chalcophile element by the muddy sediment; non-marine 
coals have slightly enriched Pb (Swaine, 1967);
iii. variation in P2O5 is controlled by the stratification of the lake; anomalously high P2O5 
contents are encountered in dysaerobic water near the oxic-anoxic transition; fluvial 
swamps have rather low P2O5 (Demaison and Moore, 1980);
iv. V/Cr ratios commonly are good indicators of low Eh conditions in marine 
carbonaceous rocks; Shiller and Boyle (1987) showed that the solubility of V is 
strongly pH dependent, with very low pH leading to a decrease in V solubility; 
marine-influenced shales are enriched in Ni, V, and Cu (Potter et a l , 1963);
v. the high concentration of boron is found to be associated or chemically combined 
with the organic matter in the vitrain due to selective entrapment of B from marine 
water (Bohor and Gluskoter, 1973).
vi. Lyons et al. (1989) found particularly low Ce contents in vitrinite concentrates in 
marine-influenced coals from the Illinois Basin, USA.
80
An attempt was made by Warbrooke (1987) to establish coals facies by combining maceral 
analyses with coal ash-based geochemical information. Using the well-known depositional 
environment of Hunter Valley coals as an example, Warbrooke employed two parameters to 
indicate the depositional conditions:
IV factor = Inertinite x 100 / (Inertinite + Vitrinite)
SAL factor = Si0 2  x 100 / (Si0 2  + AI2O3)
Table 4.2 shows the relationships between depositional environments and the IV and SAL 
factors. The reed marsh is represented by a low SAL factor and a medium IV factor 
whereas the forest swamp is characterised by a high SAL factor and a high IV factor.
A variety of minerals are to be found associated with coal seams. Silicates, sulphides and 
carbonates are the most common minerals, but oxides, phosphates and other minerals also 
occur. Therefore, the minerals present in coals can be grouped as either detrital or 
diagenetic (Spears, 1987; Stach et al., 1982). Detrital material is composed mainly of 
quartz, feldspar, clay minerals and volcanic debris, with the percentage of each determined 
by various factors such as source area, mode of transport and distance transported. The 
detrital minerals are either dispersed or concentrated in the coal seams as “ dirt” partings. 
Their composition and distribution provides information on depositional processes and 
environments. Miller and Given (1978) postulated that kaolinite in Tertiary brown coals 
may be of allochthonous origin and derived from the pre-diagenetic transformation of K- 
rich clay minerals in the original peat swamp. Detrital quartz, together with feldspar and 
buddingtonite, in lacustrine oil shales has been attributed to volcanic influences on the lake 
or peat mire, respectively. Some influence may have been exerted by overbank deposits 
from streams or by wind action (Loughnan et al. 1983).
Authigenic minerals include metal sulphides, carbonates, phosphates and various saline 
minerals that are present either as nodules (such as siderite), framboids or microcrystalline
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aggregates (such as pyrite) or non-framboidal granular to massive aggregates and cleats m 
coals (such as various carbonates). These minerals may provide information concerning the 
redox conditions during and after sedimentation. Authigenic carbonates and saline minerals 
are formed by evaporative concentration processes and may indicate an arid climate or very 
saline post-diagenetic solutions. Most primary carbonates probably were precipitated from 
ions brought into the peat mire with intake waters at the time of deposition. Some primary 
carbonates may have formed as part of the process of oxidation of organic matter to carbon 
dioxide and the subsequent combination of this gas with calcium, magnesium and other 
elements. This process may have begun with the decay of organic matter during deposition 
and continued during the early stages of diagenesis of the shale.
It is generally accepted that seawater is enriched in calcium and magnesium and river water 
is enriched in iron. Large concentrations of these elements lead to the frequent occurrences 
of dolomite in marine environments and siderite in freshwater coals. Based on petrological 
studies, it is found that much siderite is syngenetic and is formed during the early stages of 
diagenesis. Calcite and ankerite are epigenetic minerals and form much later, after the coal 
has been compacted and a coalification has continued for some time (Ward, 1986; Taylor 
and Wame, 1960). Precipitation of siderite is favoured by waters with high bicarbonate 
activity, low oxidation potential and extremely low concentrations of dissolved sulphate 
(Garrels and Christ, 1965; Curtis, 1975).
Spears (1987) and Casagrande (1987) recognised pyrite as both pre-compaction and post­
compaction phases. In the early pre-compaction stage, pyrite occurs as framboidal and 
associated microcrystalline grains that may replace plant tissue. At a later stage, pyrite 
forms as non-framboidal granular to massive aggregates and fibrous, radiating microscopic 
aggregates. The formation of this epigenetic pyrite is dependant primarily on the 
availability of reduced sulphur, dissolved cations (commonly ferrous ion) and suitable loci 
for precipitation, such as cleats, larger fractures or cell lumen. Epigenetic pyrite commonly
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occurs where a marine or brackish environment transgresses the swamp shortly after peat 
accumulation (Chandra et al., 1983; Lyons et al., 1989).
4.4.3 Indices Indicating Tissue Preservation and Groundwater Influence Index 
(GWI)
Diessel (1986; 1992) developed two coal facies indices, a gelification (GI) index which 
contrasted gelified and ungelified macerals, and a tissue preservation index (TPI) which 
emphasised the degrees of tissue preservation versus degradation. These indices were used 
to define ancient swamp types (dry forest swamp, wet swamp, fen, marsh), measure the tree 
density and ascertain favourable conditions for tissue preservation and depositional 
environments such as upper delta plain, low delta plain and back barrier. This concept, 
originally developed for Australian Gondwana coals, has been modified to suit lower rank 
coals (Fig. 4.6) by Kalkreuth et al. (1991) and Markic and Sachsenhofer (1997).
The tissue preservation index (TPI) is essentially a measure of the predominance of 
material with remnant cellular structure over that without cellular structure. For the 
purposes of low rank coal studies, the TPI was defined by Kalkreuth et al. (1991) as:
textinite+texto-ulminite+eu-ulminite+corpohuminite+semifusinite+fusinite
TPI = ---------------------------------------------------------------------------------------------
attrinite + densinite + macrinite + inertodetrinite
Higher TPI values indicate the presence of better preserved plant tissue and is interpreted as 
reflecting an increase in the percentage of arboreal vegetation (lignified tissues). Low TPI 
values imply either a predominance of herbaceous plants in the mire or large-scale 
destruction of wood because of extensive humification and mineralisation (Diessel, 1992). 
TPI can be high due to concentrations of semifusinite and fusinite that owe their origin to 
decomposition by rapid oxidation (burning) and hence may not be indicative of specific 
environments.
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The formation of vitrinite is favoured when a peat is persistently wet and oxygen levels are 
low (Stach et al., 1982). Thus, the predominance of vitrinite and other gelified material 
(macrinite) suggest a high water table with limited availability of oxygen. The gelification 
index (GI) provides a measure of the persistence of wet conditions and is related to rates of 
peat accumulation and basin subsidence. The GI was defined by Kalkreuth et al (1991) for 
the low rank coal studies as:
texto-ulminite + eu-ulminite + corpohuminite + densinite + macrinite
GI --------------------------------------------------------------------------------------------
total inertinite (exclusive of macrinite)
A decrease in the GI indicates as increase in oxidation. Low GI indices imply overall drier 
conditions (during the deposition of dry forest swamp of Diessel, 1986) and a fluctuating 
water table resulting from periods of drought.
Levels of decomposition are inferred from a combination of TPI and the GI. Wet 
conditions during peat formation are indicated by high GI and high TPI indices whereas dry 
conditions are indicated by low GI and low TPI indices. A combination of high (>1) TPI 
and GI indicates low levels of aerobic decomposition. High levels of anaerobic 
decomposition (loss of cell structure, without the production of abundant inertinite) or 
limited aerobic decomposition, is implied by high GI indices and low TPI indices. The rate 
of accumulation can also be inferred from these two indices. Where organic matter 
accumulates rapidly, oxidation levels are kept to a minimum, resulting in high GI and, in 
most cases, high TPI indices. Coals with extremely abundant inertodetrinite and which 
were deposited on piedmont plains where “ severe oxidation” is restricted, coals contain 
telinite and telocollinite and have low GI and TPI indices. Under conditions of falling water 
table, even structured inertinite will disintegrate to form in-situ inertodetrinite, commonly 
coupled with an increase in inherent ash and the rather resistant sporinite (Diessel, 1986). 
On the other hand, coals deposited in upper delta plains and in fluviatile environments have 
abundant vitrinite (wet-forest swamps) but also abundant clastic or detrital clay minerals.
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Coals deposited in brackish delta plains, partly as marsh peats, are distinguished by high GI 
and TPI indices, as well as by large amounts of pyrite and organic sulphur, commonly 
attributed to marine transgressions.
Lamberson et a l (1991) made a detailed analysis of the Gates Formation coal, Canada, and 
from a modified coal facies diagram, stated that a continuous spectrum of depositional 
environments were represented, ranging from forest swamps (both wet and dry) to dry, 
herbaceous and/or shrubby marshes. They found that all marsh peats, indicated by their low 
liginxellulose ratio due to the herbaceous origin, were characterised by variable GI, but low 
(<1) TPI indices. Studies of modem peats in the Fraser Delta (Styan and Bustin, 1983) 
showed that herbaceous peats may give rise to several types of coal. Under freshwater 
conditions, with rapid burial and little oxidation, a desmocollinite- or vitrodetrinite-rich 
peat, with lesser telinite and liptinite and minor inertinite, form. In brackish water 
conditions, more alkaline conditions promote fungal and bacteria activity such that an even 
more degraded peat (less structured vitrinite precursor material) is formed. These limited- 
influx marshes are characterised by high GI indices, but like all of the marsh peats, low TPI 
indices. If the peat is oxidised and desiccated by a drop in the water table, or frequently 
flooded with oxygenated water, the percentage of inertinite, particularly inertodetrinite, 
macrinite, sclerotinite and degradofusinite, will increase. Open marsh coals have low GI 
indices. If an environment is open to an influx of elastics, but is rapidly buried, a situation 
transitional with carbonaceous mudstone will occur. These clastic marsh peats may or may 
not have inertinite, but will be enriched in vitrodetrinite and mineral matter. Thus, the GI 
indices will be quiet variable, but mineral content will be high.
The GWI index introduced by Calder et al (1991) and made use of the vitrinite macerals 
that are combined and juxtaposed with mineral content in the coal. A causal link is inferred 
between the high degree of tissue preservation commonly found in low-pH, ombrotrophic, 
raised mires and the amount of telovitrinite in the coal. This is contrasted with the more
85
degraded detrovitrinite and gelovitrinite plus mineral matter. These components are 
assumed to be likely products of the high groundwater tables, and less acid conditions 
found in rheotrophic planar mires. Using the Australian nomenclature (Standards 
Association of Australia, 1986) the resultant ratio is defined as:
Detrovitrinite + Gelovitrinite + Mineral
GWI
Telovitrinite
Calder et al.( 1991) also employed a Vegetation Index (VI) to provide a measure of 
vegetation type in order to achieve a wholly maceral-based method to determine ancient 
mire habitats. It was defined as:
................................. / ...................................
Telovitrinite + fusiniteH- semifusinite +suberinite + resinite
V I  ---------------------------------------------------------------------------------------------------------------------------------
Detrovitrinite + alginite + sporinite + cutinite + liptodetrinite
The mire palaeoenvironment diagram (Fig. 4.7) of Calder (1993) is a maceral-based method 
by which an ancient peat-forming ecosystem can be modelled using these parameters. The 
mire types identified in Figure 4.7 are hydrological-type mires, such as swamp, fen, and 
bog, and these have the vegetational subtypes of swamp forest and bog forest. The mire 
types, from top to bottom of the mire palaeoenvironment diagram, represent an evolution 
from rheotrophic to ombrotrophic conditions and from planar to domed morphology 
accompanied by a change from eutrophic to oligotrophic nutrient status.
GWI values of less than 1 are thought to identify ombrotrophic, raised mires to mesotrophic 
fens whereas values between 1 and 5 have been related to rheotrophic mires. The inclusion 
of significant amounts of minerals, especially waterborne detrital varieties, commonly gives 
GWI values above 5 and these signify flooding of the mire surface. This type of deposit is 
usually represented by impure coal lithotypes (shaly coal, coaly shale) and carbonaceous 
mudstone.
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TPI/GI and GWI indices has been used successful in distinguishing depositional conditions 
of some coals (Diessel, 1982, 1986; Esterle and Ferm, 1986; Marchioni and Kalkreuth, 
1991; Calder et al., 1991; Calder, 1993). However, the indiscriminate application of TPI/GI 
and GWI indices have prompted some criticism for various reasons (Gentzis and Goodarzi, 
1990; Calder et al., 1991; Veld et a l , 1993). Dehmer and Strahlau (1997) was one person 
who argued against the suitability of maceral indices for interpreting coal facies. After 
detailed petrographical and organic geochemical analyses of peat samples with known 
environments of deposition, she found that the herbaceous/reed/other monocotyledon peats 
did not contain high proportions of unstructured macerals (detrovitrinite) and this 
contradicted other general assumptions for many maceral-based schemes. At same time, she 
also found that organic matter derived from gymnosperms may decompose more than 
organic matter derived from angiosperms under more aerated conditions; this contradicted 
Teichmuller’s theories (1958). Dehmer interpreted low tissue contents, with elevated 
humodetrinite and sclerotinite contents, as related to water depth and frequency of dry 
periods in the mire.
Sutarwan (1995) and Nas (1994) found that the application of the Diessel TPI/GI diagram 
(Diessel, 1992) and Calder GWI/VI facies model (Calder et al., 1991) to interpret the 
depositional environments of some Indonesian low rank coals was inappropriate. The 
limitations of the application of Diessel’s TPI/GI diagram and Calder’s GWI/VI facies 
model for interpreting depositional environments of some coals include:
i. at present levels of understanding the botanical and ecological affinities of macerals, 
conventional maceral analysis is a poor avenue for reconstruction of vegetation type 
(Calder, 1993)
ii. detrovitrinite submacerals may have low diagnostic value (Diessel, 1982, 1986; 
Marchioni and Kalkreuth, 1991);
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iii. non-diagnostic macerals (mostly detrovitrinite) comprise more than half the total 
maceral content in seams (Marchioni and Kalkreuth, 1991);
iv. low inertinite and very high vitrinite content in most of the Tertiary coal which 
usually have relative low ranks, cannot be plotted on many facies diagrams; and
v. more importantly, the TPI/GI diagram was established especially for Permian 
Gondwanan coals, that is, coals formed in predominantly planar, rheotrophic mires 
in which long-lived, tall, gymnospermous-wood-bearing trees (Dadoxylon) were 
common (Diessel and Gammidge, 1998)
4.5 SUMMARY AND CONCLUSION
Peat deposits form in depositional environments where the rate of accumulation of vegetal 
material approximately equals the subsidence rate and predominantly wet conditions are 
maintained. Compositional variations within the resultant coal deposit, expressed as coal 
facies variations, are essentially a function of vegetation type, water depth (ground water 
table height), level of decomposition and rate of accumulation.
Various methods including maceral association and mineral contents as well as lithotype 
facies are widely used to assess depositional environments of ancient peats. For most facies 
based on maceral types, humotelinite is thought to represent preserved plants in a forest- 
type swamp whereas the attrinite and densinite indicate a strong biological, chemical and/or 
mechanical degradation of plant tissue in a reed marsh.
The Tissue Preservation Index (TPI), Gelification Index (GI) and Groundwater Influence 
index (GWI) have also been used to determine the facies of coals. Higher TPI values 
indicate well-preserved plant tissues and is believed to reflect an increase in the percentage 
of arboreal vegetation; low TPI values imply either a predominance of herbaceous plants in 
the mire or large-scale destruction of wood. The lower the GI indices, the drier the overall
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conditions during deposition. As for the Groundwater Influence index, values of less than 1 
are thought to identify ombrotrophic, raised mires to mesotrophic fens whereas values 
between 1 and 5 have been related to rheotrophic mires
Interpretations based on facies-critical macerals and maceral-based facies indices should be 
used with caution. It is debatable whether gymnosperms are more degradable than 
angiosperms. The extent of degradation may depend on the prevailing oxygen levels and 
whether herbaceous/reed and other monocotyledon peats did or did not contain high 
proportion of unstructured macerals.
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Figure 4.2 Classification of hydrologic regime by water depth. Modified from Mitsch and Gosselink (1986)
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Figure 4.5 F a c i e s  d i a g r a m  o f  G o o d a r z i  ( 1 9 8 5 )  b a s e d  o n  th e  m in e r a l  m a t t e r  a n d  m a c e r a l s  f o r  l o w  r a n k  c o a ls .  
H I :  H u m o t e l i n i t e ,  H C :  H u m o c o l l i n i t e ,  L: L ip t i n i t e ,  I: I n e r t i n i t e ,  M M :  M i n e r a l  m a t t e r ,
B :  B r i g h t ,  B B :  B r i g h t  B a n d e d ,  D :  D u l l .
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Figure 4.6 F a c i e s  d i a g r a m  o f  S i n g h  a n d  S i n g h  ( 1 9 9 6 )  s h o w i n g  th e  i m p o r t a n c e  o f  m i n e r a l  m a t t e r  in  c o a ls .
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Figure 4.7 (a) G e n e t i c  f a c ie s  d ia g ra m  (m o d if ied  f ro m  D ie s s e l ,  1 9 8 6 )  s h o w i n g  w e t l a n d  e n v i r o n m e n t  fields and 
b u l k  m a c é r a i  c o m p o s i t i o n ,  (b )  F a c i e s  d i a g r a m  o f  fo u r  p o s s i b l e  d eg ra d a t io n  p a t h w a y s  fo r  a  w e t  fo re s t  swamp 
w 'h ich  w o u ld  r e s u l t  in m a c é ra i  c o m p o s i t i o n s  s im i l a r  to  o t h e r  w e t l a n d  e n v i r o n m e n t s .  L I  =  l i m i t e d  influx: 
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Table 4.1 The classification of black coal lithotypes
L ith otyp e D escr ip t io n
B right coa l B V it r e o u s  to su b v itreo u s  lustre; e v e n  to c o n c h o id a l  fracture; brittle; m any
(vitrain) contain  up to 10% dull coal inbands less  than 5 m m  thick
B a n d ed  bright coal B b M a in ly  bright coa l con ta in in g  thin ( le s s  than 5 m m ) dull co a l  b and s ranging
(clarain) inproportion betw een  10 and 40% ; ev en  fracture
B a n d ed  coa l B D C o n ta in s  bright and dull co a l  bands (all less  than 5 m m ) ran g in g  proportion
(duroclarain) b e tw een  4 0  and 60% each
B a n d ed  dull coal D b M a in ly  dull co a l  co n ta in in g  thin ( l e s s  than 5 m m ) bright b a n d s  ranging
(clarodurain) proportion betw een  10 and 40% ; uneven  fracture
Dull coa l D Matt lustre and uneven  fracture; m ay con ta in  10% o f  bright co a l  bands less
(durain) than 5 m m  thick
Fibrous coal F D ull w ith  satin sheen; friable; m ay conta in  up to 10% o f  other  coa l lithotypes
(fusain) less  than 5 m m  thick
S halv  coal C s C o n ta in s  b e tw een  30  and 60%  o f  c la y  and silt either in in tim ate  m ixture  with
coal or in seperate bands each less than 5 m m  thick
C o a ly  shale . Sc C o n s i s ts  o f  alternating lam in ae (each  le ss  than 5 m m  thick) o f  n o n -co a l  and
m u d sto n e ,  sandstone coal ,  the latter not ex c ee d in g  40%  o f  total
C a rb o n a ceo u s  shale. A n y se d im e n t  containing 60%  to 90%  fine ly  d issem in a ted  ca r b o n a ce o u s  matter
m u d sto n e  s iltstone etc
S hale ,  m u d ston e . A n y  sed im en t  conta in ing  less  than 10% ca rb o n eceo u s  matter
sil tstone.  sandstone
From Diessel (1992).
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Table 4.2 Approximate IV and SAL ranges for depositional environments based on 20
Hunter Valley coals.
D e p o s i t io n a l  E n v ir o n m e n t T y p e  S e a m IV factor S A L  F a cto r
R e e d  M a rsh Greta 15 - 35 4 5 - 6 0
F en B o r e h o le 5 - 3 5 6 0 - 8 0
W e t  F o res t  S w a m p V icto r ia  T u n n e l 5 - 3 5 8 0 - 9 0
W e t /D r v  F o re s t  S w a m p F assifern 3 5 - 6 5 6 5 - 8 5







The Condor oil shale deposit is located inland of Repulse Bay, in the onshore portion of the 
Hillsborough Basin. Oil shale from the Condor deposit is an important energy resource 
containing an estimated in situ resource of 9.65 billion bbl of shale oil using a cutoff grade 
of 50 litres per tonne at 0% moisture (LTOM) (Moore et al., 1986). Coal and shaly coal 
have been intersected in the lower part of deposit, at the base of the oil shale succession.
The Tertiary Hillsborough Basin is a sediment-filled, northwest/southeast-trending graben 
(Fig. 5.1). The graben was formed by Late Cretaceous or Early Tertiary block faulting 
(Paine, 1972) and is bounded on the eastern and western edges by the volcano-sedimentary 
Midgeton Block and on the north-eastern edge by the volcano-sedimentary Airlie Block. 
Seismic and magnetic surveys showed that the basin is an asymmetrically synclinal basin 
with dips of 10° to 14° along the western edge of the basin and 12° to 19° along the eastern 
edge (Paine, 1972).
The oil shale sequence extends 16 km along strike and 4 km down dip from the 
southwestern boundary of the deposit. The sequence is at least 1,200 m thick in the centre 
of the deposit and was subdivided into three conformable units, each having a distinctive 
character (Green and Bateman, 1981, Green et al., 1984). The units are, from oldest to 
youngest, the Lethebrook unit, Condor unit and Gunyarra unit (Fig. 5.2). These units 
reflect three different environments of deposition - fluviatile/deltaic, lacustrine and 
encroaching shore respectively (Green and Bateman, 1981; Hutton, 1982, 1988; Green et 
al., 1984). Seven subunits (Fig. 5.2) have been recognized within the deposit with the coal 
seams at the top of Lethebrook Unit.
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Based mainly upon palynological and palaeobotanical evidence from a number of the 
deposits, Weissel et al. (1977) stated that Queensland Tertiary oil shales was deposited in 
the Middle Eocene at approximately 40°S latitude. Kemp (1981) considered the climate of 
Australia in the Middle and Late Eocene was one of high humidity, high rainfall and 
characteristic of tropical to subtropical areas. These climatic and geographic conditions 
provide an ideal environment for the formation of coal as well as oil shale.
The area has little relief and, as a result, outcrops are exceedingly poor and knowledge of 
the structure, stratigraphic succession and composition of the strata is restricted to the upper 
1200 m of the sequence preserved onshore. Interpretations that have been made are based 
on information that has been obtained entirely from subsurface exploration for petroleum 
and oilshale (Gary, 1976; Green and Bateman, 1981). The Condor sequence has been 
intersected in 156 diamond drill holes, totaling 36, 000 m which were drilled during the late 
1970s and early 1980s.
Coal is a combustible rock derived from a diversity of kinds, amounts and sizes of plant 
tissues with some minerals that have been accumulated, preserved, buried and variously 
acted upon by biological and geological processes to form the different ranks, types and 
grades of coal. Utilization of coal resources depends on a thorough knowledge of the 
properties of the coal. For both the coal and petroleum scenarios, organic petrography is an 
increasingly useful technique because it is one of the few techniques that quantitatively 
characterises organic-rich rocks. Maceral analyses and reflectance data permit 
characterisation of coal so well that petrography can be used to predict the behavior of coal 
in any technological process of interest. Realisation that coal-bearing sequences are source 
rocks for petroleum generation has placed an added incentive for using organic 
petrography. Continued exploration for petroleum will utilize organic petrography both for 
typing source rocks and geothermal modeling, where vitrinite reflectance is the most 
commonly used maturation parameter. Although the geology, mineralogy, geochemistry
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and petrology of Condor oil shale have been well studied in the past (Green and Bateman, 
1981; Hutton, 1982; 1988; Loughnan et al., 1983; Ramsden, 1983; Lindner, 1983; Dale and 
Fardy, 1984; Green et al., 1984; Patterson et al, 1986; 1988;), the organic petrography of 
the coals has not been studied in detail. Very few data are available for the interpretation of 
the environments of deposition of the coals.
This chapter provides a background summary, taken from the literature, of the Hillsborough 
Basin sequence, including stratigraphy, and will describe in detail the organic petrography 
of the Condor coals including macérai composition, rank trends and associated mineral 
composition. These data will provide a useful information database for the interpretation of 
the depositional environments.
5.2 DESCRIPTION AND INTERPRETATION OF THE OIL SHALE 
SEQUENCE
Although the stratigraphy of the Condor oil shale sequence has been published and 
described several times, the stratigraphic terminology has not been formalised.
5.2.1 Lethebrook Unit
The Lethebrook unit is divided into the Green Swamp subunit, which unconformably 
overlies the basement, and the Lilypool subunit.
The Green Swamp subunit is up to 140 m thick and comprises interbedded volcanolithic 
sandstone, claystone and mudstone, with lesser conglomerate and minor carbonaceous 
lithologies. Organic matter is sparse to rare (less than 2%) and comprises primary and 
secondary vitrinite, liptodetrinite and resiqjte (Hutton, 1982). Secondary vitrinite is most 
abundant in coarser sandstones. The predominant colour of the rocks is dark to greenish 
grey with lesser olive-grey and medium grey lithologies. The sandstone is coarser grained 
to the southeast and fines upward. The Green Swamp subunit is considered to be of fluvial
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to fluvio-deltaic origin (riverine and deltaic environments) and was laid down at a time 
when the rate of sedimentary influx more than compensated the rate of subsidence (Green 
et al., 1984). The probable sediment source is thought to be from the southeast.
The Lilypool subunit is 10 to 38 m thick and comprises dull black coal, carbonaceous 
shale, sandstone and claystone. The composition of this unit is the most variable in the 
sequence, both laterally and vertically. The upper contact with the overlying brownish- 
black oil shale unit is sharp whereas the base is either sharp or gradational. The coal seams 
are typically thin and not found in the southeastern part of the basin. However, in many 
places economic intersections have been found (Green and Bateman, 1981). The coal is 
generally dull, with minor bright layers defining the bedding. Dull layers were reported to 
be composed of vitrite, clarite and clarite-related carbominerite and the bright layers 
composed of vitrite (Hutton, 1982). Pyrolysis of the coal produces significant quantities of 
oil are produced with up to 135 LTOM being recorded (Green and Bateman, 1981).
The existence of the coal and associated lithologies of the Lilypool subunit is believed to be 
an indication of renewed subsidence, producing extensive areas of limnic swampland 
(Green and Bateman, 1981; Henstridge and Missen, 1981; Hutton, 1982). During this 
period, the graben was characterized by alternations of continuous swamps, with abundant 
vascular plants, and deeper waters with constant clastic input. Carbonaceous shale was 
deposited in a freshwater swamp whereas green claystone indicated changes in the 
swamp/mire conditions (removal of organic matter) due to climatic or tectonic variation 
(Henstridge and Missen 1981; Hutton, 1982). Hypautochthonous and fine-grained 
allochthonous detritus from the edges of the basin accumulated as peat and later altered to 
coal (Hutton, 1982). Thick cutinite in the coal indicates that part of the plant matter was 
derived from sclerophyll plants and the paucity of inertinite indicates a lack of charcoal and 
oxidised woody tissue. The lack of coal in the southeastern part of the basin and a southerly
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provenance for the clastic detritus suggests that encroachment of the peat mire came from 
the northeast.
5.2.2 Condor Unit
The Condor unit, which is subdivided into the Brownish-black oil shale, Goorganga and 
Brown oil shale subunits, constitutes the main economic oil shale sequence with an average 
shale oil yield of 65 LTOM (Green and Bateman, 1981).
The brownish-black oil shale subunit, from 10 to 50 m thick, contains yellowish-brown 
to brownish-black lamosite and claystone. Minor lithologies include carbonaceous lamosite 
and coal. Boundaries between the older Lethebrook unit and younger brown oil shale 
subunits are commonly indistinct and gradational. Humodetrinite and undefined brown to 
black organic matter makes up to 5% of the lamosite and up to 12% of the carbonaceous 
lamosite (Hutton, 1982). This organic matter contributes to the darker hand specimen 
colours of the brownish-black lamosite compared to the brown oil lamosite (Hutton, 1982; 
1988). Mean maximum reflectance values for humodetrinite range from 0.38% to 0.47% 
(mean 0.44%).
The Goorganga subunit is distributed along the northwestern part of the basin. It occurs as 
a wedge-shaped body and comprises up to 22 m of sandy oil shale and fine to medium­
grained sandstone overlying up to 163 m of graded, fine to very coarse-grained sandstone 
with minor shaly layers. This represents a localized facies variant penecomporaneous with 
the brown oil shale subunit and may represent the pathway of much of the clastic detritus 
that entered the basin during the deposition of the Brown oil shale subunit.
The brown oil shale subunit ranges in thickness from 30 to 400 m and is characterized by 
massive dusky, yellow-brown to brown lamosite with 20 to 100 m thick layers of claystone. 
The claystone commonly occurs in 2 to 5 cm thick layers, sandwiched in the lamosite. The 
bases of such layers commonly show intermixing with the underlying lamosite. The
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claystone interbeds coarsen and thicken to the northeast, that is, towards the inferred 
sediment source. A distinctive feature of the unit is the sporadic occurrence of resinous 
brown to black nodules of collophane concentrated in the lower centre section (Green and 
Bateman, 1981). The nodules are generally ovoid to spherical and range from 2 to 5 cm in 
diameter. In some places, small and commonly angular nodules surround most larger 
nodules with a halo of massive marcasite, which in turn, is enveloped by a lensoidal pale 
phosphate and/or carbonate zone.
This oil shale subunit represents the major onset of oil shale deposition and was considered 
by Green and Bateman (1981) to have formed in a shallow, saline, euxinic lake or bay. 
Lamosite layers indicate periodic abundance of algae and moderately abundant fine-grained 
vitrinite in some layers indicates the input of fme-grained detrital humic matter (Hutton 
1982). During the period of oil shale formation, abundant carbonate was precipitated and 
phosphate nodules were formed, either by digenetic concentration or re-precipitation of 
bone phosphate (Green and Bateman, 1981).
5.2.3 Gunyarra Unit
The Gunyarra unit conformably overlies the Condor unit and consists of the Lascelles and 
O’Connell subunits. Both subunits are characterised by interbedded lamosite, claystone, 
sandstone and carbonate beds.
The Lascelles subunit ranges in thickness from 80 to 170 m. Lamosite is the dominant 
lithology, comprising from 70% to 80% of the subunit and is interbedded with claystone 
(10% to 20%), sandstone (0 to 20%) and limestone. Sandstone layers are generally <1.5 m 
thick and contain much less than 1% organic matter. Soft-sediment deformation structures 
such as slumping, faulting, erosional breccia and sandstone dykes are abundant. Other 
sedimentary structures include small-scale cross-bedding and stromatolite-like carbonate 
layering.
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The O’Connell subunit is a fining-upward, cyclic sequence of sandstone-lamosite- 
claystone-carbonate-rich beds and laminae. Sandstone and siltstone beds are up to 1 m thick 
and are overlain by up to 20 cm of lamosite and claystone. Soft-sediment deformation 
structures, such as slumping, siltstone dykes (with intricately folded and recurved 
laminations), graded bedding, sedimentary breccias and small-scale faulting (with throws 
up to 10 mm) are commonly-occurring features. Erosional features include sharp bedding 
contacts, deformed and rafted partings of siltstone in sandstone and small-scale (up to 10 
mm) flame structures. The graded turbidity-like features of the unit were interpreted by 
Green and Bateman (1981) as the debouchment of a river system into a lake, with little or 
no movement of sediment by gravity sliding; a major control was believed to be periodic 
flooding. The lamosite intervals represent dry periods of a seasonal climate (Green and 
Bateman, 1981).
Foster (1980) and Evans (1965) analysed the spores and pollens and other palynological 
characteristics of the Hillsborough Basin. They found a cyclic pattern in the spore and 
pollen abundance in AEQ Proserpine 1, a deep petroleum exploration hole on the eastern 
side of the basin, with indications of alternating swampy and drier conditions. They found 
that the upper 450 m of the core contained primarily angiosperm pollen which suggests 
terrestrial deposition. Further, the alga Pediastrum sp. (Foster, 1980), indicated a freshwater 
environment.
5.3 PETROGRAPHY OF CONDOR COALS
Coal is a readily combustible rock containing more than 50% by weight, or more than 70% 
by volume, carbonaceous material formed by the chemical alteration, compaction and 
induration of variously-altered plant remains. Differences in the kinds of plant materials 
(type), degree of metamorphism (rank), and range of impurities/mineral matter (grade), 
define the characteristic varieties of coal (Schopf, 1956). Coal petrology is the study of the 
composition and technological behaviour of the organic matter in coals. In this study, the
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coal petrographic terms follow the Australian Standard AS 2856 (Standards Association of 
Australia, 1986).
The Lilypool subunit contains coal, shaly coal, carbonaceous shale, claystone and 
sandstone. In this thesis, the following definitions are used:
1. Low ash coals are composed mostly of vitrite and clarite, which contains a higher 
proportion of telovitrinite (eu-ulminite) and gelovitrinite; the important criterion is 
these coals contain less than 15% by volume mineral matter.
2. High ash coals are composed of dull layers in which telovitrinite and skeletal 
vitrinite are the important organic components; mineral matter is abundant and 
ranges from 15% to 30% by volume.
3. Shaly coals contain between 30% and 60% mineral matter. The mineral matter is 
either intimately mixed with organic matter or the rock contains discrete layers of 
coal and organic-poor layers less than 5 mm thick.
4. Carbonaceous shale refers to any rock containing less than 30% finely disseminated 
carbonaceous matter.
5. Claystone or sandstone is a rock that contains less than 5% organic matter.
In the later discussions, the various rocks are grouped into four categories:
-  coal (which comprises the low ash and high ash coals),
- shaly coal,
- carbonaceous claystone, and
- claystone/sandstone.
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A total of 72 core samples from three Condor drill holes (CDD 112, CDD 154 and CDD 
46) were examined to provide data on the types and abundances of organic matter of the 
coals in the Lilypool subunit of the Lethebrook unit. Among these samples, 30 samples 
were classified as shaly coal and carbonaceous shale. However only samples with more 
than 70% mineral matter, that is, the carbonaceous shales, claystone and sandstone (GM 
25607, 25609, 25610, 24627 and 25628 from CDD 46) were excluded from calculations of 
coal maceral and compositions due to the relatively high mineral contents in all samples. 
The average maceral composition of the Condor samples are shows in Table 5.1 and 
depicted in Figures 5.3; 5.4; 5.5; detailed maceral compositions are given in Appendix 1.
5.3.1 Maceral Composition
In general, the dominant maceral group in most of the coals and shaly coals is vitrinite 
(Plates 1 and 2) with vitrinite content generally in the range of 79% to 95%. Liptinite 
(Plates 3 and 4) is the next most abundant maceral group ranging from 5% to 25%. 
Inertinite is commonly present but seldom comprises more than 1% of the coals. Mineral 
matter (Plate 5) is a major to dominant component with abundances ranging from 5% to 
60% in all samples, excluding carbonaceous shale and sandstone. Table 5.2 and Figures 5.6 
and 5.7 show the general maceral composition of the samples grouped according to the 
mineral content. All percentages quoted above and in the following text are volume 
percentages and are given on a dry mineral matter free basis.
Figures 5.8 to 5.10 show the maceral composition of samples from the three drill holes.
1. Vitrinite
Vitrinite in Condor coals and shaly coals occurs as thin to thick layers, ranging in colour 
from light grey to moderately dark grey. In general, three types of vitrinite can be 
recognized: telovitrinite, gelovitrinite and skeletal vitrinite (Plates 1 and 2). In this thesis 
the term ‘skeletal’ is used to designate vitrinite that has a very ragged and has a somewhat
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heterogeneous texture and appearance (Plates la to Id) suggesting that either during or after 
deposition, the plant material was degraded. The resultant textures were retained during and 
after coalification and this suggests that the organic matter did not go through a gelification 
stage. Alternatively, if it did, the ragged texture was retained. It is presumed that partial 
oxidation or biogenic degradation could be possible mechanisms leading to the formation 
of skeletal vitrinite.
Telovitrinite macerals generally occur in thin layers not more than 10 um thick and may be 
associated with skeletal vitrinite. It is the most abundant maceral with percentages for 
individual samples ranging from 10% to 60%, with an average of 34%. It occurs mostly as 
eu-ulminite (6% to 40%, average of 32%), with minor amounts of texto-ulminite (0 to 8%, 
average of 2%), textinite and rare telocollinite.
Texto-ulminite is characterized by the presence of well-preserved cell walls with cell 
lumens either empty or partly- to completely-filled with gelovitrinite, resinite or mineral 
matter (Plates le and lg). Eu-ulminite is characterized by a more solid nature and lacks 
open cell lumen but has weak cellular structure still preserved (Plates lh to 2d). It has been 
found showing polygonal and randomly-oriented cracks filled with exsudatinite. Some 
cracks appear to have been produced as a result of severe oxidation (Plate 2d).
Gelovitrinite comprises 3% to 13% of any sample with an average of 7.3%. It is scattered 
throughout the samples and mostly is corpogelinite (2% to 12%, average of 6.5%) and 
porigelinite (0 to 5%, average of 0.8%). Corpogelinite and porigelinite occur as oval or 
spherical bodies filling cell lumens in texto-ulminite (Plates If  and 2f). The surface of 
corpogelinite is smooth or porous. Both are light grey in colour and have a slightly higher 
reflectance than co-existing eu-ulminite. Plates 2b and 2e shows a typical cross-section of a 
rootlet with dense and coarsely porous porigelinite. Porigelinite is mostly associated with 
corpogelinite. Corpogelinite commonly contains a rounded to irregularly-shaped core with 
an outer homogenous rim. Ulminite sometimes has irregular blebs of porigelinite with
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distinctive red or green internal reflections (Plate 2f), a granular texture and weak to 
moderate, yellow to orange fluorescence.
As stated above, skeletal vitrinite, which is grouped as detrovitrinite in this study, is 
vitrinite that appears to have undergone high rates of degradation before and during 
coalification. It is commonly in the form of distinct, separate irregularly-shaped vitrinite 
fragments individually less than 0.02 mm in greatest dimension (Plates la to Id, and 2c and 
2d). The phytoclasts are commonly orientated together in a zone showing original 
telovitrinite features. These attrital fragments are commonly associated with liptodetrinite, 
clay minerals (together these form a groundmass for telovitrinite, liptinite and gelovitrinite; 
Plates 2c and 2d).
2. Inertinite
Inertinite (Plate 2) is a rare to minor component (<0.1% to 1%, average of 0.2%) in all 
samples and comprises predominantly sclerotinite. In the Condor samples, fungal 
sclerotinite is commonly associated with ulminite and skeletal vitrinite (Plate 2g), and has a 
rounded to tubular, single to multilocular forms (derived from spores) or is cellular with 
many equant cell lumen (derived from mycelia and plectenchyme). The walls of the spores 
are hard and commonly show relief. Exsudatinite may infill the cell lumens of sclerotinite. 
Sclerotinite garlands surrounding root tissue (comprising texto-ulminite with phlobaphinite) 
are found in GM 25584 (Plate 2h) and is thought to be derived from mycorrhiza that 
surrounded roots of higher plants.
3. Liptinite
Liptinite (Plates 3, 4 and 5) is abundant (5% to 25%, average of 13%) in all samples. 
Liptodetrinite (which includes some undefined liptinite), exsudatinite and cutinite are the 
most abundant liptinite macerals with minor resinite, sporinite (including sporangia) and 
suberinite. In general, the liptinite macerals are characterized by shape and black to the
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darker grey colour, with light orange internal reflections, and most importantly, distinct 
fluorescence under incident blue-ultraviolet excitation.
The primary liptinite macerals observed in Condor coals are sporinite, cutinite, resinite and 
suberinite whereas exsudatinite and fluorinite are of secondary origin. Most of the 
exsudatinite, liptodetrinite and some sporangia have medium to strong yellow fluorescence 
whereas most of resinite, cutinite and suberinite has weak brownish yellow fluorescence.
Liptodetrinite content ranges from 1% to 12% with an average of 6%. It mostly occurs in 
clarite and clarite-related carbominerite. It has medium to strong greenish-yellow to brown 
fluorescence which is commonly more intense than co-existing sporinite and resinite. 
Liptodetrinite occurs as small fragments, rodlets, fibres and angular fragments in vitrinite 
and the mineral groundmass.
Resinite has bright greenish-yellow to dull orange fluorescence. It occurs as discete bodies, 
concentrated in distinct layers and lenses (Plate 3a) with some isolated bodies occurring as 
infillings of cell lumen in telovitrinite (Plates 3b to 3e). Some resinite has zoned textures 
with the lighter grey outer zones displaying different reflectance and varying brightness 
(Plates 3b and 3 c). The zoned texture can also be observed under incident blue-ultraviolet 
excitation light where the external zones display dull to dark brown florescence and the 
central part show bright yellowish-brown fluorescence (Plates 3c and 3e). It is thought that 
this texture indicates that the parent plant matter, such as oval bodies or resin rodlets, was 
exposed to air for some time and this allowed the outer parts of the resin bodies to be 
strongly oxidized.
The average cutinite abundance is 1.1% but some samples containing up to 3.4%. Cutinite 
consists mostly of well-preserved tenuicutinite (Plates 3d to 3f) and crassicutinite (Plates 
3b, 3c and 3g) in clarite layers where the cutinite is a rim around vitrinite. Fragments of 
cutinite are also distributed sparsely in the ulminite layers. These fragments have greenish-
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yellow autofluorescence but showing a weak to medium, yellow to brownish-yellow 
fluorescence under blue-ultra violet excitation (Plate 4a). Non-fluorescing to dark brown 
fluorescing tenuicutinite is associated with texto-ulminite and eu-ulminite whereas 
crassicutinite mostly occurs with skeletal vitrinite or in clarite-related carbominerite. 
Cutinite is found in several maceral associations and several types of cutinite can be 
observed in the same field (Plates 3b and 3c)
Cutinite with cuticular ledges is associated with texto-ulminite and displays yellowish- 
brown fluorescence whereas smooth cutinite is associated with eu-ulminite and skeletal 
vitrinite; the latter exhibit dark brown fluorescence (Plates 3b and 3c). The various forms of 
cutinite imply that cutinite may have been derived from different types of precursors or has 
undergone different periods of geochemical alteration.
Suberinite, both thick and thin wall forms, is rare to sparse (0 to 0.6%, average of 0.4%) 
and has variable fluorescence ranging from brownish-yellow to pale brown or even no 
fluorescence, particularly the thinner variety. Suberinite commonly occurs as the cell walls 
of cortex tissue around secondary plate-like phlobaphinite (Plate 4b). These textures are 
thought to represent tissues derived from rootlets and cork.
Sporinite is a rare to minor component (0 to 1.6%, average of 0.4%) and is disseminated 
throughout most samples. Megaspores and sporangia are up to 0.2 mm long and 0.05 mm 
wide with a lens-shaped form with dull brown yellow internal reflections. It is commonly in 
association with skeletal vitrinite and resinite.
Exsudatinite. Exsudatinite, the secondary liptinite maceral that is derived from other 
liptinite and vitrinite, is abundant in many samples constituting up to 6% of some samples. 
Exsudatinite was observed as fillings in cracks, cleats or cavities at the edges of the parent 
or precursor maceral or elsewhere throughout the samples (Plates 3 and 4). It is normally 
exuded from liptinite maceráis, particularly resinite and cutinite (Plates 3b to 3e). It has a
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lower relief than vitrinite, is transparent in reflected light and has moderate fluorescence 
ranging from greenish-yellow to yellow.
Based on mode of occurrence and association with precursor maceral, exsudatinite in the 
Condor coals can be categorised into five types.
Type I exsudatinite infills irregular cavities of different sizes and shapes around resinite 
grains as seen in samples from CDD 112 (Plates 3b to 3e). Plates 3d and 3e show 
exsudatinite that is closely associated with resinite and has greenish-yellow fluorescence. 
The resinite fluorescence is dull brown to bright greenish-yellow. In reflected white light, 
Type I exsudatinite is normally black and most of the associated resinite displays 
yellowish-brown internal reflections (Plates 3c and 3d). The distribution of Type I 
exsudatinite is thought to be a function of origin; the exsudatinite is thought to be generated 
from resinite and cutinite.
Type II exsudatinite is concentrated in patches near corpogelinite and eu-ulminite in thin 
layers of clarite. It typically has light brown internal reflections and may be confused with 
clay minerals. However, it can be distinguished easily by its bright yellow fluorescence 
under blue-ultraviolet excitation. It is the most common form of exsudatinite in Condor 
coals and is illustrated in Plates 4c and 4d. Type II exsudatinite is probably composed of 
mobile fractions and was generated from vitrinite as well as liptinite, and also may be 
trapped in the fine porous structure of vitrinite.
Type III exsudatinite infills short cleats or wedge-shaped fractures and normally has 
greenish-yellow fluorescence. It has lower intensity fluorescence than liptinite from which 
it is thought to have been derived. This type of exsudatinite is normally exuded from 
liptinite macerals, particularly resinite and cutinite as shown in Plates 4e and 4f. In some 
situations, Type III exsudatinite is thought to have been derived from early-formed 
exsudatinite as well as the primary liptinite macerals.
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Type IV exsudatinite infills irregular cavities and fractures of different sizes and shapes and 
is normally associated with the eu-ulminite and skeletal vitrinite (Plates 4g and 4h). It has a 
greenish-yellow fluorescence with relatively low intensity. It is probably derived from 
vitrinite as well as resinite and is trapped in the fracture of vitrinite.
Type V exsudatinite occurs as irregular infillings of different sizes and shapes in resinite or 
ulminite (Plates 5a and 5b). It is commonly dark grey to black, with some forms having 
orange to yellow internal reflections whereas the light grey ulminite does not. Under 
incident blue-ultraviolet excitation, Type V exsudatinite has greenish-yellow to bright 
yellow fluorescence whereas ulminite has no fluorescence. The origin of this type of 
exsudatinite is probably expulsion from vitrinite.
5.3.2 Microlithotypes
Megascopically, the coals are characterized by dull layers interbedded with thinly layered 
bright coal. Dull layers are composed of a mixture of vitrite, clarite and clarite-related 
carbominerite whereas bright layers are composed entirely of vitrite.
Bright layers are composed of vitrinite comprising >95% telovitrinite with sparse skeletal 
vitrinite, cutinite, resinite, fine-grained clay minerals and rare pyrite. Layers are up to 1 mm 
wide. Three microlithotypes are recognised in the samples.
1. Thick eu-ulminite that commonly occurs in the core of laminae surrounded by a thin 
layer of texto-ulminite or thick corpogelinite layers (Plates lh, 2a and 2b). This 
maceral assemblage may represent the inner structures of the stems, branches or 
lignified tree roots of plants. The assemblage is composed of >90% eu-ulminite (some 
grading into texto-ulminite), 5% to 10% corpogelinite and <2% liptinite (mainly 
cutinite).
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2. Corpogelinite and eu-ulminite with thin cutinite rims are the dominant macerals in 
this microlithotype (Plate 2f). It composed of up to 60% corpogelinite, 30% to 40% 
eu-ulminite and <3% cutinite and suberinite. This microlithotype probably represents 
a single leaf or stem.
3. Ulminite is interlayered with corpogelinite that sometimes is associated with resinite
and liptodetrinite (always <2%). This microlithotype may represent part of a single 
stem, branch or leaf..
Dull coal is composed of interlayered clarite, clarite-related carbominerite. The clarite and 
clarite-related carbominerite are gradational with one another. Ulminite and corpogelinite 
are dominant whereas skeletal vitrinite is associated with exsudatinite, rounded to ovate 
resinite bodies, suberinite, cutinite, and liptodetrinite. Three maceral associations occur in 
clarite layers.
1. Layers of dull coal contain an inner ulminite core and outer corpogelinite layers with 
rounded resinite bodies and a thin or thick-wall cutinite (crassicutinite) rim with or 
without suberinite zones (Plates 3b to 3e). The inner ulminite zone comprises texto- 
ulminite that grades into the core of eu-ulminite.
2. Thinly-layered corpogelinite is surrounded by exsudatinite and is sometimes has 
cutinite rims. They layers are composed of 50% to 70% ulminite and corpogelinite 
and up to 40% exsudatinite and minor other liptinite. Commonly the corpogelinite 
infills the cell lumen whereas the formless exsudatinite infills pores and vesicles 
(Plates 4c and 4d). This association is a distinctive feature of the coals and may 
compose up to 5% of the total microlithotypes in some samples. It may represent part 
or all of single leaf.
3. Weakly fluorescing layers composed of minor fine-grained resinite, liptodetrinite, 
isolated corpogelinite and sclerotinite (less than 1%) are scattered throughout a
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groundmass of skeletal vitrinite and mineral matter (mostly clay minerals; Plates 5c to 
5f). This microlithotype is the most abundant in the Condor samples especially the 
high ash coals and shaly coals near the claystone/sandstone bands. The 
microlithotypes are composed of 10% to 60% of mineral matter (>90% clay minerals 
and up to 10% of carbonates). Organic matter is a minor to dominant component and 
includes 30% to 50% vitrinite (mainly eu-ulminite and skeletal vitrinite) and 5% to 
10% liptinite (mainly liptodetrinite).
5.4 VITRINITE REFLECTANCE AND COAL RANK
In this study, vitrinite reflectance measurements were taken on all the 72 samples. Due to 
the high percentage of gelovitrinite and the significant differences of vitrinite reflectance 
between the vitrinite subgroups, reflectance was measured on both telovitrinite and 
gelovitrinite to compare the differences between the two maceral groups. Mean maximum 
vitrinite reflectance (R,.max), range, standard deviation and number of readings for the 
different macerals are listed in Appendix 2. A summary of mean maximum reflectance data 
is presented in Table 5.3.
Overall, the reflectance values (R.max) for the Condor coal and shaly coal samples range 
from 0.40% to 0.78% (Table 5.3) averaging 0.58% (Fig. 5.11). These values indicate a rank 
of sub-bituminous to high volatile bituminous.
The mean maximum reflectance (R^max) values for samples from CDD 154 are in the 
range 0.40% to 0.68% (average of 0.54%) with most telovitrinite reflectance values 
between 0.4% and 0.58% whereas most values for gelovitrinite between 0.52% and 0.68%. 
The range and variation in the R^max values for CDD 112 are almost the same as CDD 154 
with the slightly higher average R.max values for CDD 112.
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For CDD 46 samples, the R.max values range from 0.45% to 0.78%, averaging 0.62%; 
most values for gelovitrinite are in the range of 0.6% to 0.78% whereas for the telovitrinite, 
in the range of 0.45% to 0.68
Isometamorphic variations in vitrinite reflectance are illustrated in Figure 5.11. Such 
variations may be caused by differences in biodegradation and/or variations in the original 
composition of the contributing ligno-cellulose tissues within and between peat-forming 
plants (Diessel and Gammidge, 1998). As will be discussed in Chapter Six where the 
significance of macerals and the environments of deposition is discussed in detail, Condor 
coals underwent a wide range of biodegradation in environments ranging from anaerobic to 
aerobic. Vitrinite that is derived from low-acid peat commonly has lower initial reflectance 
than that derived from highly acidic peat and that which was in an oxidised environment 
(Diessel and Gammidge, 1998). Diessel and Gammidge also stated an alternative 
hypothesis that, the isometamorphic variation in reflectance may also come about if there is 
a cogeneration of a mixture of autochthonous plant remains and hypautochthonous or 
allochthonous peat precursors. With the later hypothesis, the reworked plant-derived 
telovitrinite is more likely to have been affected by weak oxidation than in situ plant- 
derived telovitrinite with the resulting reflectance distribution skewed towards a slightly 
higher value compared to a more uniform vitrinite reflectance population where there was a 
single precursor. This is illustrated in Plates Id, 2c and 2d.
The mean reflectance of the telovitrinite and gelovitrinite in the Condor coal samples is 
0.56% and 0.63% respectively (Table 5.3 and Fig. 5.12). For all samples, reflectance values 
for telovitrinie ranged from 0.40% to 0.6% which is approximately 0.06% to 0.1% lower 
than reflectance values of the co-existing gelovitrinite which has R.max values ranging 
from 0.52% to 0.78%. Hutton (1982) obtained similar data in his study of Condor oil shale 
sequence in which he examined a limited number of coals samples from the Lilypool
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subunit. His data show R,.max values for telovitrinite ranged from 0.53% to 0.64% with a 
mean of 0.57% and for gelovitrinite, from 0.60% to 0.72% with a mean of 0.63%.
Different maceral associations and mineral contents may influence reflectance values. The 
relatively lower reflectance values of telovitrinite may be the resulted in the impregnation 
of fine-grained liptinite in the ulminite (Taylor and Liu, 1989; Daulay, 1994), that is to say, 
the exsudatinite is resident in the vitrinite structure. Consequently, measurement of 
reflectance is on a surface that is partly vitrinite and partly liptinite and this would give 
lower than expected reflectance values because the reflectance of liptinite is generally lower 
than that of vitrinite in coals of this rank. As shown in Plates 5a and 5b (GM 25560), 
exsudatinite is clearly associated with ulminite and the reflectance value of ulminite is 
relatively low (0.41%). The similar phenomenon are also documented in the Indonesian 
coals (Daulay, 1994).
Alternative hypotheses are plausible for Condor coals because not all telovitrinite is 
associated with exsudatinite. Thus a mechanism is needed to explain why the telovitrinite 
not associated with exsudatinite has lower reflectance values. As previously discussed, 
Condor coals contain relatively abundant liptinite, especially liptodetrinite and exsudatinite. 
This implies the parent plants were lipid-rich and consequently perhydrous (hydrogen-rich 
or lipid-rich plant tissue) vitrinite could have a relatively lower vitrinite reflectance, caused 
at least in part by adsorption of petroleum-like substances (Stach et al., 1982). Hutton and 
Cook (1980), Creaney et al. (1980), Kalkreuth and Macauley (1984), Wolf and Wolff- 
Fisher (1984) and Price and Barker (1985) also suggested that lower than expected vitrinite 
reflectance could be explained by the adsorption of volatile components, hydrocarbons, 
asphaltenes or resinous material into the vitrinite.
If it is assumed that telovitrinite is derived from different plant precursors than other types 
of vitrinite, one need only invoke the hypothesis of Diessel and Gammidge (1998). This 
hypothesis states that differences in biodegradation and/or variations in the original
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composition of the contributing ligno-cellulose tissues within and between peat-forming 
plants is the factor controlling variations in vitrinite reflectance (Plates Id, 2c and 2d). The 
most likely explanations for a mechanism causing the variations in the vitrinite reflectance 
is variation in the types and subsequent degradation of the precursor plant matter as 
outlined by Diessel and Gammidge (1998).
The reflectance of ulminite is related to type of ulminite and size of the ulminite. Angular 
to rounded, equant grey eu-ulminite has a higher reflectance than relatively homogeneous 
eu-ulminite. For example in sample GM 25621 (CDD 46), R.max for small rounded eu- 
ulminite ranged from 0.6% to 0.68%, for relatively larger eu-ulminite in an adjacent area, it 
ranged from 0.5% to 0.53%. In the same area, corpogelinite has higher reflectance values, 
ranging from 0.65% to 0.75%. This difference is probably due to the breakdown of plant 
tissue during humification and this allows for the intermingling of variously degraded plant 
components (Diessel and Gammidge, 1998). The variation in the original composition of 
the contributing ligno-cellulose tissue may also have contributed to these differences. The 
small round eu-ulminite is probably hypauthochthonous or even allochthonous shoot- 
derived vitrinite precursors (Plates 1 d and 2d) whereas the larger homogeneous ulminite is 
mostly autochthonous root-derived vitrinite precursors (Plate 2b). As discussed by Diessel 
and Gammidge (1998), allochthonous shoot-derived telovitrinite is more likely to have 
been affected by weak oxidation during transportation and hence have higher reflectance 
than autochthonous root-derived telovitrinite.
Samples with extremely fine-grained mineral matter (mostly clay minerals) commonly 
contain abundant skeletal vitrinite, for example, GM 25552 (CDD 112) has a relatively high 
mineral content (34.6%). Much of the skeletal vitrinite has a lower vitrinite reflectance than 
the ulminite. Generally, R.max for skeletal ‘ulminite’ and ‘corpogelinite’ are 0.49% and 
0.54% respectively, and these about 0.05% to 0.1% lower than the reflectance values in 
other samples, for example GM 25551 which had 3.4% of mineral matter and R̂ max of
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0.59% for ulminite and 0.63% for corpogelinite. Normally one would expect that oxidised 
vitrinite would have higher reflectances than vitrinite that has not been oxidised. The 
probable reason for this is the nature of the skeletal vitrinite -  it does not take a good polish. 
This is quite evident in some samples.
Profiles of vitrinite reflectance plotted against depth for drill holes CDD 154, CDD 112 and 
CDD 46 are presented in Figure 5.12. As shown, samples from CDD 154 were taken from 
depths of 28.35 m to 68.7 m. The average Rjnax values for telovitrinite and gelovitrinite in 
these coals are 0.51% and 0.59%, respectively. However, the samples collected at depths of 
853 m to 991 m in CDD 46 have much higher reflectance values with the reflectance of 
telovitrinite ranging from 0.57% to 0.64% and gelovitrinite ranging from 0.65% to 0.71%. 
Vitrinite reflectance increases as the depth increases thus showing the expected increase in 
coal rank with increasing depth.
Hutton (1982; 1988) measured the vitrinite reflectance for the entire Condor sequence 
including oil shale in a number of drill holes. His data showed that reflectance values for 
vitrinite above the base of the Brown oil shale subunit are generally between 0.3% and 
0.42%. However, within the Brownish Black Oil Shale subunit and the Lilypool subunit, 
reflectance values rapidly increase from 0.6% to 0.7%. He also showed that the reflectance 
values are related partly to the size of vitrinite, alginite content (increased lamalginite is 
associated with decreased reflectance) and depth. He interpreted the higher reflectance of 
samples in the CDD 46 as an indication that the coal had been deeply buried (>900 m) since 
shortly after deposition. The data obtained in this study supports the findings of Hutton.
5.5 MINERAL MATTER
The data for mineral matter in the samples for this study is restricted to that which could be 
obtained either by microscopy (Plate 5) or X-ray diffraction. The chemical properties of the 
mineral matter and the trace element data are taken from published and unpublished sources
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where relevant. These data are needed to provide useful information about the depositional 
environments of the coals; these will be discussed in detail in Chapter 6.
The general mineral content for Condor samples is given in Appendix 1.
Total mineral contents of the bulk samples, as determined microscopically, range from 5% 
to 60% with an average of 29%. The lowest values are for samples from CDD 112 (range of 
5% to 33%, average of 18.5%) whereas the highest values are for samples from CDD 46 
(range of 15% to 60%, average of 36%). Figure 5.13 summarises the mineral matter data.
Given that it is not possible to properly identify fine-grained minerals in coal 
microscopically, XRD was used as the main means of identifying the minerals. The Condor 
samples can be categorized into three groups using mineral content as determined by XRD 
peak height (Table 5.4):
- Mineral Assemblage A
- Mineral Assemblage B
- Mineral Assemblage C.
Mineral Assemblage A. This mineral assemblage is common in sandstone, claystone or 
shaly coals with more than 50% mineral matter. Mineral Assemblage A is characterised by 
quartz and clay minerals (kaolinite) with siderite. Feldspar (especially albite) commonly 
occurs in trace to minor amounts. Typical X-ray diffraction traces are given in Figure 5.14, 
and the relatively peak heights of kaolinite and quartz are shown in Figures 5.15 and 5.16.
Mineral Assemblage B. Mineral Assemblage B has co-dominant quartz and clay minerals 
(Fig. 5. 17). It is generally found in high ash coals, that is, those with 15% to 40% mineral 
matter; most of the coals in CDD 46, where the mineral contents are commonly above 20%, 
have this assemblage. Siderite and pyrite are sparse to common auxiliary minerals.
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Mineral Assemblage C. Mineral Assemblage C is found in the low ash coals (Fig. 5.18). A 
typical XRD trace shows a high background count (up to 600) due to the presence of high 
amounts of organic matter. In this group, clay minerals, especially kaolinite, are the 
dominant mineral; quartz commonly is a minor mineral. Carbonate and pyrite are not 
present in this assemblage.
Differences in the relative abundances of minerals, as shown by the peak heights of quartz 
and kaolinite (Fig. 5.19), can be interpreted in terms of processes discussed by Karayight et 
al (1997). They argued that different abundances of various minerals are related to:
- different sources of detrital material entering the peat-forming environment; and
- the in situ flocculation of minerals from swamp waters after the breakdown of other 
minerals.
These explanations seem reasonable for the Condor coals.
Mineral Assemblage A is interpreted as representing the input of clastic material during 
flooding events and drowning of the mires with significant amounts of clastic detritus being 
deposited concurrently with the deposition of organic matter. Mineral Assemblage B 
probably indicates moderate to high flooding of the swamp.
The dominance of clay minerals, especially kaolinite, in Mineral Assemblage C is 
interpreted as representing virtually no flooding events when the low ash coals were 
formed. The mineral matter is intimately mixed with ulminite, indicating most of the 
minerals were probably derived from in situ flocculation from swamp waters with perhaps 
minor input from wind blown sources; clastic input to the peat mire was limited.
Magascopically, clay minerals and quartz are the common minerals in all samples. These 
minerals normally occur in partings, veins and nodules of different sizes or very small 
grains intimately mixed with vitrinite. The presence of organic matter draped around the
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angular mineral grains, as shown in Plate 4g, indicates that this type of mineral matter was 
transported and deposited in the eat swamp. Some of the clay minerals show very low 
fluorescence ranging from yellowish-brown to dull orange with intensity in the low to 
medium range. X-ray diffractograms show the principal clay mineral is kaolinite with illite 
and montmorillonite (or mixed layer) the next most abundant species. Lindner (1983) also 
stated that the kaolinite is in greater abundance in the Lilypool subunit than in the oil shale 
subunits that are dominated by montmorillonite. The kaolinite is well crystallized in the 
Lilypool subunit (Loughnan et al., 1983).
X-ray diffraction analysis shows that all coals, shaly coals, carbonaceous shale and 
sandstone samples contain quartz. The highest proportions of quartz are found in the 
sandstone and clay stone whereas it is less abundant in low ash coal samples.
Pyrite is the most ubiquitous of all minerals and is mainly distributed in high ash coals, 
shaly coals and carbonaceous shale although it can only be detected by XRD in the 
sandstone and claystone samples. Pyrite occurs mainly as framboids (Plates 5c and 5d) in 
skeletal vitrinite and ulminite, as massive pyrite enclosed in some siderite (Plate 5e) and as 
single ubiquitous grains. Occasionally, epigenetic pyrite is found filling cleats in skeletal 
vitrinite-dominated clarite (Plate 5h). Framboidal pyrite is commonly composed of 
aggregates of small grains that are anhedral to euhedral in shape. The massive pyrite ranges 
in size from 10 to 20 microns up to 1 to 2 mm. It is commonly associated with siderite 
where it is enclosed within the siderite grains. Some pyrite occurs as aggregates of 
elongated, radiating crystals.
The morphological and chemical characteristics of pyrite in the sequence were analysed by 
Patterson et al. (1988). In that study, they found that pyrite occurs mainly in two forms in 
the Lilypool subunit - framboidal pyrite up to 15 microns in diameter and disseminated 
euhedral grains 5 to 10 microns in dimension. From chemical analyses, pyrite contents 
range up to 2 wt.% in the higher grade sections of the Brown oil shale subunit, due mainly
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to increased amounts of framboidal pyrite which tends to be associated with the organic 
matter. Euhedral pyrite occurs throughout the deposit and is dominant over framboidal 
pyrite in the basal Green Swamp subunit and the upper Lascelles subunit (Ramsden, 1983).
In this study, siderite was found to be the most common carbonate mineral with contents 
ranging from trace to abundant (<0.2% to 12.6%). It commonly is most abundant in 
claystone and sandstone samples (such as GM 25582, CDD154), and also found in high ash 
coal samples with a high proportion of skeletal vitrinite (such as in CDD 46, GM 25608 and 
25610). Siderite is less abundant in the low ash coal samples dominated by telovitrinite.
Siderite occurs predominantly as spherical nodules or ‘spherules’, 0.02 to 1 mm in diameter 
and commonly has high relief and a zoned appearance with the outer zone dark brown and 
the central core yellowish-brown indicating chemical differences between the zones (Plates 
4c to 4e). Transformation of syngenetic siderite into pyrite is a distinctive feature of Condor 
samples; Evidence for this change is the occurrence of pyrite within siderite grains or partly 
infilling fine fractures in siderite grains (Plate 4e).
Pyrite enclosed in siderite was discussed by Smyth (1966) and was attributed to the 
ascending or descending H2 S-containing solutions during the coalification. However, in the
Condor samples, siderite is more abundant than that in the coals discussed by Smyth and is 
characterised by relatively large grains, in the fine-grained, skeletal vitrinite-dominated coal 
samples. In general, organic material is draped around the siderite spheres indicating it is an 
early-formed mineral.
The near-spherical siderite and the organic drapes imply that the siderite probably formed 
in an unconfirmed space, again suggesting it is an early formed primary mineral. It is 
envisaged that the spherulitic siderite formed during peatification or very early diagenesis, 
probably below or at the water-sediment interface, and at least before advanced 
compaction.
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Dolomite was identified in a few interbedded sandstone and claystone samples (GM 25580) 
during XRD analyses of the whole-rock powders but was not observed in petrographic 
studies, presumably because it was too fine-grained or in such low abundance in the 
samples examined. Two samples contain dolomite. This conclusion is based on the traces 
for the two samples which have small peaks that correspond to the dominant peak for 
dolomite. Again, this mineral was not found by optical methods.
Patterson et al. (1988) reported that large siderite, up to 100 microns diameter, is found in 
the Lilypool subunit whereas in the over-lying oil shale subunits the grain size is between 
10 and 20 microns. They stated that individual siderite grains contain variable amounts of 
MnO (0.02% to 5.2%), CaO (0.9% to 7.9%) and MgO (0.1% to 12.0%). Two types of 
siderite were recognized:
- siderite that occurs in all samples, and
- magnesian siderite that was found in isolated samples and especially in samples from 
the Lilypool subunit.
The Mg-siderite typically occurs as a rim around a central core of siderite. Chemically 
analysis showed that the core-siderite contained <1.5% MgO, 1.3% to 3.5% CaO and 1.1% 
to 3.3% MnO whereas the Mg-siderite contained 6% to 12% MgO, 3% to 9% CaO and 
<0.5% MnO.
Apart from the most common minerals listed above, minor but significant minerals that can 
be detected by X-ray diffraction include buddingtonite, feldspar (albite, orthoclase), 
muscovite, cristobalite and marcasite. Other phases encountered in zones subjected to 
recent weathering include gypsum, bassanite, rozenite, halite and barite.
Buddingtonite was first found in the Condor oil shale deposit by Loughnan et al. (1983) but 
was not found in the coal-bearing subunit. In this present study, buddingtonite was
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recorded in trace amounts in the interbedded sandstone layer (Fig. 5.18). Chemical analysis 
by Loughnan et al. (1983) showed that the some buddingtonite gradually change to K- 
feldspar.
Feldspar was identified in the sandstone, claystone and shaly coal samples. It occurs in 
trace amounts in shaly coal and as a trace to accessory mineral in the sandstone and 
claystone. It is commonly not detectable in low and high ash coal samples. Both albite and 
orthoclase have been detected by XRD with albite in the sandstone and claystone. 
Loughnan et al. (1983) found that albite and orthoclase was partly replaced by sericite and 
buddingtonite.
5.6 TRACE ELEMENTS
Patterson et a l (1986; 1988) made a detailed study of the trace elements and their 
relationship to the mineralogy of Condor deposit. They established the general abundance 
levels for the trace elements and the following discussion is based on the data collected by 
those researchers.
Elemental abundance of major elements and trace elements in various subunits is listed in 
Tables 5.5 and 5.6. The chemical composition varies remarkably little between the various 
subunits. The abundance of most trace elements in the Condor sequence was generally 
similar to or less than those for an average shale.
From Tables 5.5 and 5.6, it is difficult to distinguish chemical differences between the 
various subunits. The element abundances show that only S and inorganic N are 
consistently above those for an average shale whereas As contents are comparable to those 
for an average shale. It is interesting to note that organic C, inorganic N, S and As contents 
are lower in the Lilypool subunit than in other subunits and there is a trend for FeO, C02 
and Mn contents to decrease with depth in the Lascelles subunit and the Brown oil shale 
subunit. The relative high content of C02 and CaO in the Lilypool subunit reflects the high
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percentage of carbonate minerals in this subunit. The total S is mainly attributed to pyritic S 
which is much more abundant in the oil shale succession than in the Lilypool subunit where 
pyritic S is less than 0.1%. The greater concentration of N in the oil shale units reflects the 
greater abundance of buddingtonite, an ammonium feldspar, than in the coaly Lilypool 
subunit. These values may reflect the higher percentage of organic matters and 
carbonaceous shale deposited in a deltaic-swampy environment.
The most abundant trace elements are Mn (average of 350 ppm), Ba (average of 200 ppm) 
and V (average of 110 ppm). The average concentrations of Sc, Cr, Co, Ni, Cu, Zn, Ga, Rb, 
La and Nd are between 10 and 65 ppm, whereas for As, Se, Br, Sb, Cs, Sm, Eu, Tb, Yb, Hf, 
Th and U the average concentrations are of the order of <10 ppm. Compared to average 
crustal abundance (Clarke and Sloss, 1992), only As, Br and Sb are enriched or 
significantly higher in the Condor samples. Trace elements that are depleted compared to 
average crustal abundance include Ba, Cu, Ni, Rb and Sm. Zn, Sb, Cs, Nd, Yb and Hf show 
more or less the same concentration as in the Earth’s crust.
The enrichment factor for an element is defined as the ratio of an element concentration to 
that of the crustal average. Elements with an enrichment factor >2.0 are considered enriched 
and where the enrichment factor is <0.5, these elements are considered to be depleted in the 
respective elements. The enrichment factors show how the elemental composition of the 
various subunits may be influenced by rock type or mineral assemblage. The enrichment 
factors for most of the trace elements show some differences in the element distributions in 
the lamosite-dominated members compared to those in the coal-dominated Lilypool 
subunit; examples are Co, Ni, As and Mn. These elements are enriched in the lamosite- 
dominated members and depleted in the Lilypool subunit.
The trace element contents of the Condor deposit showed no systematic variation with 
depth except Mn, S and As; Mn is enriched at the top of the Brown oil shale subunit and 
Lascelles subunit whereas Lilypool subunit has the lowest contents of S and As.
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Patterson et al. (1988) recognized the following geochemical associations for the trace 
elements:
Siderite - Mn, Ca, Mg
Alumino-Silicate - Ti, V, Cr, Cs, Hf, Ga, Nd
Organic - Ni, Co,
Sulphide - As, Ni, Co, Cu, Zn
Rare earth - La, Ce, Eu, Th, Sm, Yb, Sc, Lu, Rb
They concluded, after detailed chemical analyses using inter-element correlation, selective 
leaching procedures, X-ray diffraction and electron microscope techniques, that S, As, Ni, 
and Co are mostly associated with pyrite, whereas Mn is resident in siderite and magnesian- 
siderite. They also found that S, Ni and Co are associated with lamosite. The abundance of 
buddingtonite was associated with the relatively high inorganic N in the lamosite.
5.7 SUMMARY AND CONCLUSIONS
The onshore part of the Hillsborough Basin, that is, the Condor oil shale sequence, is one of 
several Queensland Tertiary basins that contain a thick sedimentary succession of coal and 
oil shale that was deposited during the Eocene to Miocene. The tropical and subtropical 
climate of the Eocene to Miocene gave a positive water balance conducive to coal and oil 
shale formation.
This laboratory-based study shows that Condor coals are the products of 
hypauthochthonous deposition in a limnic mire with intermittent moderate to strong 
flooding. Specific conclusions are:
1. Macroscopically, Condor coals can be characterized as dull coals with thin 
interbedded bright layers. Dull layers are composed of a mixture of vitrite, clarite and 
clarite-related carbominerite whereas bright layers are composed entirely of vitrite.
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These microlithotypes probably represent the organic matter derived from different 
precursor plants or parts of plants.
2. The coals contain abundant vitrinite with vitrinite content generally being within the 
range of 79% to 95%. Skeletal vitrinite (remnant degraded vitrinite fragments) is the 
dominant maceral in the shaly coals and high ash coals whereas the low ash coals 
generally contain a higher proportion of telovitrinite (mainly eu-ulminite) and 
gelovitrinite (corpogelinite). Inertinite is rare and comprises predominantly 
sclerotinite.
Exsudatinite, liptodetrinite and cutinite are the dominant liptinite macerals although 
resinite, suberinite and sporinite are common. Some of the liptinite (mainly resinite) 
appears to have been oxidized.
3. The rank of the Condor coals is sub-bituminous to high volatile bituminous. The 
range of reflectance values is broad. The most obvious feature of Condor coal is the 
difference in reflectance between gelovitrinite and telovitrinite. The reflectance for 
gelovitrinite is approximately 0.06% to 0.1% higher than that for co-existing 
telovitrinite.
There is an apparent relationship between vitrinite reflectance and maceral size. 
Skeletal vitrinite and very small ulminite have lower R^max values. This may not a 
cause and effect relationship but rather a problem relating to polishing in that skeletal 
vitrinite does not take a good polish because of changes to the texture as a result of 
oxidation. This does not diminish its use an indicator of environment of deposition.
Generally, vitrinite reflectance increases with depth although this is not apparent in 
some shallow drill holes..
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4. The mineral content of Condor samples is variable but relatively high with an average 
of 29%. Three mineral assemblages are recognized:
- Mineral Assemblage A; it is characterised by quartz and clay minerals with 
siderite and pyrite minor minerals.
- Mineral Assemblage B; it contains co-dominant quartz and clay minerals with 
siderite and pyrite minor to trace minerals.
- Mineral Assemblage C; it is a clay mineral assemblage with predominantly 
kaolinite; siderite and pyrite are rare.
Clay minerals and quartz are the common minerals in most samples. Well- 
crystallized kaolinite is dominant in all samples.
Syngenetic siderite is the most common carbonate. Dolomite is a constituent of a few 
samples.
Pyrite occurs mostly as grains, ffamboids, massive nodules, veins and is also found in 
organic matter. The transformation of syngenetic siderite into pyrite accounts for 
pyrite cores in siderite grains.
Buddingtonite was identified in the Lilypool subunit. This appears to be the first 
record of this mineral in this unit. Other minor but environmentally significant 
minerals are feldspar and marcasite.
5. Based on the studies of Patterson et al. (1986; 1988), the coaly Lilypool subunit has 
lower organic N, S and As than the oil shale subunits. The average concentrations of 
Sc, Cr, Co, Ni, Zn, Ga, Rb, La and Nd range between 10 ppm to 65 ppm whereas the 
values of As, Se, Br, Sb, Cs, Sm, Eu, Tb, Hf, Th and U average less than 10 ppm.
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6. Samples from the Lilypool subunit can be classified in four major groups according to 
the maceral composition, mineral content and mineral assemblages.
- Low ash coals are dominated by telovitrinite, have commonly less than 15% 
mineral matter which is mostly clay minerals (Mineral Assemblage C).
- High ash coals have co-dominant skeletal vitrinite and telovitrinite with abundant 
quartz and clay minerals with minor pyrite and siderite (Mineral Assemblage B).
- Shaly coal is dominated by quartz and clay with minor siderite (Mineral 
Assemblage A); skeletal vitrinite is the dominant organic matter.
- Carbonaceous shale and sandstone contain mostly quartz and clay minerals with 
minor siderite (Mineral Assemblage A).
7. Petrographically, Condor coals are similar to many of the Palaeocene to Miocene 
coals in Australia and rest of the world in that all contain abundant vitrinite, common 
to relatively abundant liptinite and minor inertinite content. The major differences is 
that Condor samples contain relatively high quantities of skeletal vitrinite, vitrinite 
that is derived from organic matter that was degraded when it is deposited or during 
the early stages of peat formation. Skeletal vitrinite has been reported previously but 
not to the extent found in this study, perhaps because it has not been recognised.
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Figure 5.1 Geological map of the subcrop of the Hillsborough Basin (from Green and Bateman, 1981)
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Fig. 5.6 Mean maceral composition of Condor samples grouped by mineral abundance. 
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Figure 5.7 Mean maceral composition of Condor samples grouped by mineral abundance (mineral matter free). 
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Figure 5.13 Frequency distribution of clay minerals, siderite and pyrite. 
(M = total mineral content of sample)
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Figure 5.14 X-ray diffraction pattern for a representative Condor shale sample GM 25591, CDD 46. Q = Quartz; K -  kaolinite; S -  siderite
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Figure 5.15 Peak heights of selected minerals in Condor samples. Note: the highest peak lor quartz was 
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Figure 5.17 X-ray diffraction pattern for a high ash coal (mineral assemblage B), Sample GM 25569, CDD 154. 
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Figure 5.18 X-ray diffraction pattern for a low ash coal (mineral assemblage C). 
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Figure 5.19 Percentage frequency diagram for quartz and kaolinite, Condor samples.
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Table 5.1 Summary of Petrographic Data in Condor Coals (mineral matter free basis)
V itr in ite ,  % L ip t in itc ,  % Incrlin itc  % M in era l  M atter ,  %
M ean Ranfie M ean Ranfie Ranfie M ean Ranfie
C D D I  12 8 9 . 6 7 8 . 0 - 9 5 . 8 1 0 .0 6 . 0 - 1 5 . 0 < 0 . 1 - 0 . 4 1 8 .8 3 . 4 - 5 2 . 6
C D D  154 86 .1 8 2 . 0 - 9 3 . 0 13 .6 7 . 0 - 1 7 . 6 < 0 . 1 - 0 . 7 2 8 . 9 1 5 . 3 -4 5 .5
C D D  4 6 8 5 . 0 7 3 . 8 - 9 3 . 6 1 5 .0 1 1 .8 -2 2 .5 < 0 . 1 - 0 . 2 3 6 . 2 1 6 -7 7 .4
Table 5.2 Macérai composition of Condor coals grouped by mineral content
M in e r a ls  < 1 5 % M in era ls  15-30% M in era ls  3 0 - 5 0 % M in e r a ls  > 5 0 %
T e x t o - u lm i n i t e 2 . 9 1 .7 1.5 -
E u - u lm in i t e 3 6 . 6 2 8 .9 2 0 .8 2 2 . 7
S k e le ta l -v i tr in i te 3 5 . 5 4 7 .3 5 9 . 4 5 8 .1
C o r p o h u m in i t e 1 0 .5 6 .9 4 .3 3 . 0
P o r ig e l in i t e 1 .2 0 .1 0 .3 0 . 3
Tota l  v i tr in i t e 8 6 . 7 8 5 . 0 8 6 . 6 8 4 . 1
S p o r in i te 0 . 6 0 .5 0 .3 0 . 2
C u t in i t e 1 .6 2 .3 1.7 1 .2
R e s i n i t e 0 . 4 0 .5 0 .5 0 . 9
E x s o d a t in i te 3 .2 3 .4 2 .9 3 .7
L ip to d e tr in ite 6 .5 7 .6 7 . 4 9 . 5
S u b e r in i te 0 . 2 0 .2 0 .1 -
F lu o r in i t e 0 . 2 0 .2 0 .3 0 . 2
Tot a l  L ip t in i t e 1 2 . 7 1 4 . 7 1 3 . 2 1 5 . 7
S c le r o t in i te 0 . 6 0 .2 0 .1 0 .1
T ota l  I ner t i n i te 0 . 6 0 . 2 0 . 1 0 . 1
S id er ite 0 . 2 0 .9 5 . 4 1 2 .8
P y r i te 0 .1 0 . 2 0 . 6 2 .1
C la y  m in e ra ls 6 . 4 14.8 3 3 .3 4 5
Tot a l  M in era l s 6 . 7 1 5 . 9 3 9 . 4 5 9 . 9
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Table 5.3 Summary of mean vitrinite reflectance for Condor coals
% REFLECTANCE IN OIL
Telovitrinite Gelovitrinite Telo- + Gelovitrinite
Rvmax Range Rvmax Range Rvmax Range
CDD 112 0.54 0.41-0.65 0.6 0.50-0.74 0.56 0.41-0.74
CDD 154 0.51 0.40-0.58 0.6 0.52-0.68 0.54 0.40-0.68
CDD 46 0.59 0.45-0.68 0.67 0.6-0.78 0.62 0.45-0.78
Table 5.4 Relative mineral abundances (XRD peak height) for mineral assemblages A, B and C
M ineral A s s e m b la g e  A A s s e m b la g e  B A s s e m b l a g e  C
Quartz 2 8 0 9 - 5 6 4 6 1 8 0 0 - 2 7 0 3 9 4 4 - 1 8 2 9
K a o l in ite 7 7 3 - 9 8 6 8 1 7 - 9 3 6 8 6 0 - 1 1 3 1
M ix ed -la v er 3 0 0 - 6 6 0 4 0 0 - 6 5 0 6 0 0 - 8 0 0
Feldspar 0 - 7 0 6 0 - 3 1 0 trace
Siderite 3 1 2 - 6 0 3 2 8 6 - 4 6 8 < 2 5 0
B u dd in gton ite 0 - 3 0 0
Pyrite n .d * . -2 4 3 n.d. n.d
* n.d. not detectable
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Table 5.5 Major element analyses, Condor Deposit
C o m p o n e n t L a s c e l le s
B r o w n  Oil  
S h a le
B ro w n ish -  
b la ck  o i l  sh a le L i ly p o o l
O il  sh a le  
c o m p o s i t e
A v er a g e
sh a le
S iO z 4 7 - 5 7 4 9 - 6 5 4 3 - 6 3 4 4 - 6 3 5 4 . 5 5 8 . 5
A h 0 3 1 2 -1 5 9 - 1 7 1 1 -1 9 18-21 1 2 .3 1 5 .0
F e 0 . 3 - 0 . 9 0 . 3 - 1 . 0 0 . 3 5 - 0 . 9 0 - 0 .3 0 . 6
F eO 7-11 2 . 7 - 8 . 7 0 . 8 - 8 . 2 2 . 1 - 8 . 4 5 . 2
M g O 0 . 9 - 1 . 2 0 .7 - 1 .1 0 . 4 - 1 . 3 0 . 8 - 1 . 9 1.1 2 .5
C a O 0 . 4 - 1 . 2 0 . 2 5 - 0 . 9 0 . 1 - 0 . 9 0 . 2 - 1 . 2 0 .5 3 .1
N a 2 0 0 . 3 - 0 . 8 0 . 3 5 - 0 . 7 5 0 . 3 - 0 . 7 0 . 2 - 1 . 2 0 . 4 1.3
K 2 0 0 .7 -1 0 .5 - 1 .1 0 . 5 - 1 . 0 0 . 9 - 1 . 4 0 . 7 3 . 2
T i 0 2 0 . 6 - 0 . 7 0 . 4 - 0 . 8 0 . 5 - 1 . 0 0 . 8 - 1 . 3 0 . 6 0 . 7 7
P 0 4 0 . 3 - 2 0 . 1 - 0 . 8 0 . 1 - 0 . 3 - 0 .1 0 . 1 6
C 0 2 3 . 9 - 6 . 7 1 .2 -5 .4 0 .1 - 6 0 . 2 - 6 . 8 3 . 4
T o ta l  S 0 . 3 - 1 . 1 0 .3 - 1 .1 0 .4 -1 0 - 0 .3 0 . 7 0 . 2 4
P y r i t ic  S 0 . 3 - 0 . 9 0 .3 -1 .1 0 .4 -1 < 0 .1 0 . 7
O rg a n ic  C 2 . 5 - 1 2 4 - 1 3 .5 9 -1 5 2 - 1 2 .4 1 1 .7
H 0 . 8 - 1 . 5 1 -2 .2 1 .6 -2 .3 0 . 8 - 1 . 8 1 .9
O rgan ic  N 0 . 2 5 - 0 . 4 0 . 3 - 0 . 6 0 . 5 - 0 . 6 0 . 2 - 0 . 8 0 . 5
In o rg a n ic  N 0 . 2 5 - 0 . 4 0 . 2 5 - 0 . 5 0 . 2 - 0 . 3 0 . 0 7 - 0 .1 0 .3
H 2 O - ( 1 0 5 ° C ) 2 - 3 .5 1 .8 -3 1 .8 -4 1 .8 -3 .4 2 . 0
3 . 0
T ota l 9 9 . 5
(F r o m  P a tterso n  e t  a l . ,  1 9 8 8 )
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Table 5.6 Trace element analyses, Condor deposit
E le m e n t L a sce l le s B r o w n  Oil  
S h a le
B ro w n ish -b la ck  
o i l  S h a le
L i ly p o o l O il S h a le  
C o m p o s i t e
C rustal
average*
A v er a g e
sh a le
S c 1 2 -1 7 1 2 -2 2 13-23 1 5 -3 0 15 2 2 13
V 9 0 - 1 8 0 8 5 - 1 5 0 1 0 0 -1 7 5 7 5 - 1 8 5 110 135 1 3 0
Cr 4 0 - 7 0 3 0 - 8 0 4 0 - 7 5 6 5 - 1 5 0 55 1 0 0 9 0
M n 2 3 0 0 - 7 0 0 0 2 0 0 - 2 7 0 0 1 2 0 -6 5 0 1 5 0 -8 5 0 3 5 0 8 5 0
C o 8 -2 0 10-23 15-35 3 -1 4 15 2 5 19
N i 2 0 - 3 0 2 0 - 5 0 3 0 -5 5 8 -3 5 25 7 5 6 8
C u 2 5 - 5 0 2 5 - 4 0 2 5 - 5 0 2 5 - 5 0 25 5 5 4 5
Zn 8 0 -1 2 5 6 5 - 2 7 0 6 5 - 1 5 0 3 5 - 1 3 0 6 5 7 0 9 5
Ga 1 3 -2 0 1 1 -2 2 13-23 2 0 -2 5 15 19
A s 6 -1 5 5 -1 8 8 -1 2 <2 8 .5 1 13
S e - - - - <1 0 . 0 5 0 . 6
Br 0 .7 - 4 0 . 6 - 3 . 4 - - 2 0 . 7 5 4
R b 4 0 - 5 0 2 5 -5 5 3 0 -6 0 3 5 - 9 0 3 0 9 0 1 4 0
S b 0 . 4 - 0 . 9 0 .2 5 - 0 . 5 0 . 3 - 0 . 6 0 . 3 5 - 0 . 7 0 .3 0 . 2 1 .5
C s 2 .5 - 3 .5 . 2 -4 2 .5 -5 3-5 2 .8 3 5
Ba 1 8 0 -4 0 0 1 6 0 -5 5 0 2 5 0 - 3 5 0 2 7 0 - 3 8 0 2 0 0 4 2 5 5 8 0
La 17-23 13-28 1 5 -3 0 18-28 18 3 0 9 2
C e 3 5 - 5 0 2 8 - 5 4 3 0 -6 0 3 0 - 5 0 33 6 0 5 9
Nd 1 5 -20 1 3 -34 1 5 -30 18-25 2 0 2 8 2 4
S m 4 - 5 .5 3 -6 4 -7 4 .5 - 7 3 6 . 0 6 . 4
Eu 1-1.3 0 .9 - 1 .5 1-1.7 1 -1 .7 1 1.2 1
Tb 0 . 5 - 0 . 9 0 . 4 - 1 . 0 0 . 7 - 1 . 2 0 . 6 - 1 . 2 0 .8 0 . 9 1
Y b 2 .5 -3 2 -3 .8 2 .3 - 3 .8 2 .4 - 3 .9 2 .4 3 . 4 2 . 6
Lu 0 . 3 - 0 . 5 0 . 3 - 0 . 6 0 . 4 - 0 . 6 0 . 4 - 0 . 6 0 .3 0 .5 0 . 7
H f 3-4 2 -4 2 .5 -5 2 .5 -6 3 .4 3 2 .8
Th 4 - 5 .5 3 .2 - 6 .3 4 - 6 .5 5 -6 .7 4 .3 7 . 2 12
U 0 . 9 - 2 . 5 0 -1 .5 - 1 -2 .5 1 1.8 3 .7
A ll  v a lu es  in u g /g .  V a lu e s  for the c o m p o s i t e  o il  sh a le  are in m a n y  c a s e s ,  the average o f  up to  three individual 
a n a ly se s .  F rom  P atterson  e t  a i ,  ( 1 9 8 8 ) .  A v e r a g e  sh a le  v a lu es  from  T u rek ian  and W ed ep o h i  ( 1 9 6 0 ) .  A v e r a g e  crustal 
v a lu es  from  C lark e and S lo s s  (1 9 9 2 ) .  °
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PLATE 1
a. Skeletal vitrinite with mineral matter, b. Skeletal vitrinite showing original 
Sample GM25547, CDD 112, Rvmax = telovitrinite features. Sid = siderite.
0.57%. Field width = 0.44 mm, reflected Sample GM25558, CDD 112, Rvmax =
light. 0.55%. Field width = 0.32 mm,
reflected light.
c. Skeletal vitrinite with corpogelinite and 
mineral matter. Sample GM25601, CDD 
46, Rvmax = 0.55. Field width = 0.44 mm, 
reflected light.
e Texto-ulminite and eu-ulminite. Sample 
GM25549, CDD 112, Rvmax = 0.60%. 
Field width = 0.32 mm, reflected light.
g. Eu-ulminite with cutinite and texto- 
ulminite. Sample GM25545, CDD 112, 
Rjnax = 0.59%. Field width = 0.32 mm, 
reflected light.
d. Skeletal vitrinite with eu-ulminite. 
Sample GM25604, CDD 112, Rvmax =
0.72% (rounded ulminite). Field width 
= 0.26 mm, reflected light.
f. Textinite with corpogelinite. Sample 
GM25545, CDD 112, Rvmax =
0.59%. Field width = 0.40 mm, 
reflected light.
h. Eu-ulminite with thin suberinite with 
the cell lumens infilled with 
corpogelinite. Sample GM25558, 
CDD 112, Rjnax = 0.61%. Field 
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PLATE 2
a. Corpogelinite in an outer layer around eu- 
ulminite in part of a stem or root. Sample 
GM25565, CDD 154, Rjnax = 0.55%. 
Field width = 0.32 mm, white reflected 
light.
c. Skeletal vitrinite and corpogelinite draped 
around a reworked ulminite fragment. 
Sample GM25604, CDD 112, Rjnax = 
0.72% (rounded ulminite). Field width = 
0.26 mm, reflected light.
e. Typical phlobaphinite with ulminite 
derived from the cortex of a rootlet or 
stem. Sample GM25558, CDD 112, 
Rjnax = 0.61%. Field width = 0.40 mm, 
reflected light.
g. Local concentration of sclerotinite with 
eu-ulminite. Sample GM25551, CDD 
112, Rjnax = 0.60%. Field width = 0.32 
mm, white reflected light.
b. Cross-section of a stem or root with an outer 
cork layer of corpogelinite, an inner layer of 
open-celled texto-ulminite and a pith of eu- 
ulminite; autochthonous tissue in a skeletal 
vitrinite-dominated clarite layer. Sample 
GM25567, CDD 154, Rjnax = 0.60%. Field 
width = 0.40 mm, white reflected light.
d. Skeletal vitrinite with a large ulminite 
fragment and corpogelinite. Note the 
skeletal vitrinite draped around the ulminite 
fragment which has oxidation fractures. 
Sample GM25547, CDD 112, Rjnax = 
0.65%. Field width = 0.44 mm, reflected 
light.
f. Porigelinite with cutinite and eu-ulminite. 
Sample GM25551, CDD 112, Rjnax = 
0.54%. Field width = 0.28 mm, reflected 
light.
h. Sclerotinite with eu-ulminite and thin- 
walled cutinite. Sample GM25584, CDD 
154, Rjnax = 0.54%. Field width = 0.28 







Resinite with eu-ulminite. Sample 
GM25551, CDD 112, Rvmax = 0.57%. 
Field width = 0.28 mm, reflected light.
As for (b) but in fluorescence mode.
As for (d) but in fluorescence mode.
Tenuicutinite associated with eu-ulminite and 
liptodetrinite. GM25547, CDD 112, Rvmax 
= 0.59%. Field width = 0.28 mm, reflected 
light.
b. Isolated resinite (R) with cutinite (Cu) and 
ulminite and liptodetrinite. Sample 
GM25585, CDD 154, Rvmax = 0.53%. 
Field width =0.22 mm, reflected light.
d. Zoned resinite (R) associated with thick 
cutinite (Cu). Note that Type I exsudatinite 
(Ex) appears to have been expelled from 
resinite. Sample GM25590, CDD 154, 
Rvmax = 0.53%. Field width = 0.28 mm, 
reflected light.
f. Thick-walled cutinite (crassicutinte). 
Sample GM25575, CDD 154, Rvmax 
= 0.53%. Field width = 0.18 mm, 
fluorescence mode.
h. Cutinite with skeletal vitrinite in cutinite- 
rich clarite. Sample GM25545, CDD 112, 
Rvmax = 0.58%. Field width = 0.32 mm, 
reflected light.
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PLATE 4
a. Cuticle with cuticular ledges and eu- 
ulminite. Sample GM25585, CDD 154, 
Rvmax = 0.53%. Field width = 0.28 mm, 
fluorescence mode.
c. Type II exsudatinite with ulminite and 
corpogelinite. Sample GM25604, CDD 46, 
Rvmax = 0.66%. Field width - - 0.32 mm 
reflected light.
e. Type III exsudatinite (Ex) with resinite 
(R). Exsudatinite infills fine fractures. 
Sample GM25557, CDD 154. Rvmax = 
0.53%. Field width = 0.28 mm,
fluorescence mode.
g. Type IV exsudatinite (Ex) with eu- 
ulminite. Sample GM25585, CDD 154. 
Rvmax = 0.53%. Field width = 0.18 
mm, reflected light.
b. Suberinite around phlobaphinite. Sample 
GM25584, CDD 154, Rvmax = 0.53%. 
Field width = 0.32 mm, reflected light.
d. As for (c) but in fluorescence mode.
f. Type III exsudatinite (Ex) with cutinite (Cu) 
and resinite (R). Sample GM25560, CDD 
154. Rvmax = 0.54%. Field width = 0.32 
mm, fluorescence mode.
h. As for (g) but in fluorescence mode.
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PLATE 5
a. Type V exsudatinite (Ex) with ulminite. 
Sample GM25560, CDD 154, Rvmax =
0.52%. Field width = 0.18 mm, white 
reflected light.
c. Zoned syngenetic spheroidal siderite 
(Sid) and clusters of framboidal pyrite 
(Py). Sample GM25608, CDD 46, 
Rvmax = 0.60%. Field width = 0.26 
mm, reflected light.
e. Massive pyrite (Py) with siderite (Sid). 
Sample GM25555, CDD 112, Rvmax =
0.49%. Field width = 0.44 mm, white 
reflected light.
g. Angular mineral grain with skeletal 
vitrinite. The organic materials drapped 
around the mineral grains because of 
compaction. Sample GM25596, CDD 46, 
Rvmax = 0.60%. Field width = 0.28 mm, 
reflected light.
b. As for (a) but in fluorescence mode.
d. Framboidal pyrite (Py) and siderite (Sid) 
with skeletal vitrinite. Sample GM25614, 
CDD 46, Rvmax = 0.64%. Field width = 
0.26 mm, white reflected light.
f. Detrovitrinite (attrinite) in a clarite-related 
carbominerite layer. Sample GM25620, 
CDD 46, Rvmax = 0.61%. Field width = 
0.32 mm, white reflected light.
h. Epigenetic pyrite and siderite infilling 
cleats in skeletal vitrinite and 
liptodetrinite. Sample GM25545, CDD 
112, Rvmax = 0.58%. Field width = 0.32 
mm, white reflected light.
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6.1 THE ORIGIN AND OCCURRENCE OF SIDERITE AND PYRITE
Both siderite and pyrite are two important minerals in Condor coal seams. The general 
characteristics of siderite and pyrite in coal, coaly shale and sandstone samples from the 
Condor deposit have been given in Chapter 5. However, a discussion as to origin and mode 
of occurrence of both is needed.
Although siderite has been recognized through XRD analysis and optical microcopy, it is 
the latter technique that provides data for interpretations as to the sequence of events 
leading to the formation of siderite. The average abundance of siderite is less than 5%; the 
range is quite extensive with most samples containing only trace quantities and a few 
samples containing up to 25% (GM25622 and GM25621). Siderite occurs predominantly as 
spherical nodules or ‘spherulites’ (Plates 5c to 5e), 0.02 to 1 mm in diameter with fine 
organic matter draped around the spheres. This siderite usually has a zoned appearance with 
the outer zone dark brown and central cone yellowish-brown under incident light (Plate 5c). 
Pyrite is enclosed within the siderite grains or small grains of disseminated pyrite occur 
along fine fractures (Plate 5e). Patterson et al (1988) found complex compositional 
zonation in the siderite in the Lilypool subunit with Mg-siderite occurring as rims around a 
central core of siderite. Mean compositions were found to be <1.5% MgO, 1.3% to 3.5% 
CaO and 1.1% to 3.3% MnO in the siderite core and 6% to 12% MgO, 3% to 9% CaO and 
<0.5% MnO in Mg-siderite.
A mechanism for the occurrence of siderite, as well as associated pyrite in coal and organic- 
rich sediments, has been proposed by several authors. Most also agree that the association 
of pyrite with siderite records details of early pore-water chemistry irrespective of the
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depositional environment (Curtis et al., 1975; Matsumoto and Iijima, 1981; Gautier, 1982; 
Curtis and Coleman, 1986; Carpenter et al., 1988; Bahrig, 1989; Mozley, 1989; 1993; 
Mozley and Carothers, 1992). Several depth-related organic degradational zones (Table 6.1) 
were recognised within burial sequences in which different mineral associations (especially 
carbonate) were modified by different processes operating at the various depths during 
burial diagenesis (Curtis and Coleman, 1977; Matsumoto and Iijima, 1981; Mozley, 1989; 
1993; Mozley and Carothers, 1992). Although quantitative measurements were not used to 
determine the variations in the chemical and isotopic characteristics of the Condor samples 
in this study, an hypothesis for the mechanism of siderite and associated pyrite formation is 
thought to be similar to that proposed for the siderite observed by Mozley and Carothers 
(1992) and Matsumoto and Iijima (1981). This is based on the observation that similar 
zoned appearances and mineral associations are observed in the Condor samples as was 
observed by the above authors.
6.1.1 Timing of Siderite Precipitation
An estimation of the timing of siderite precipitation is important because it places 
constraints on possible temperatures of formation, water compositions and microbial 
environments. The spherical nodules of siderite and the presence of organic material draped 
around the siderite spheres in Condor samples demonstrates that some of the siderite 
formed at relatively shallow burial depths, that is to say, prior to significant compaction 
(Chapter 5). This was also observed by Mozley and Carothers (1992) in their samples from 
the Kuparuk Formation, Alaska, which are from a marine sedimentary sequence.
As stated earlier, siderite in Condor coals is thought to be an early diagenetic form in a 
fresh-water environment. Mozley (1989) stated that siderite in fresh-water environments is 
often relatively pure (for example, greater than 90 mole FeC03) whereas siderite in marine 
environments is always extremely impure and has extensive substitution of Mg (up to 41 
mole) and Ca (up to 15 mole) for Fe in the siderite lattice. Relative pure siderite (less than
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8% of MgO, CaO and MnO) in the central cores of siderite grains in the Condor samples 
suggests a non-marine environment with very low sedimentation rates, a similar hypothesis 
to that of Mozley and Bums (1993). It is reasonable to consider that the Hillsborough Basin 
was supplied with river water containing abundant of iron oxides and hydroxides as well as 
significant amounts of kaolinite from a marginal landmass. This is indicated by the high 
kaolinite content that was identified in most of the coal and shaly coal samples using XRD 
analysis.
Most of the iron oxides are transported into swamps as suspended colloid particles or as 
coatings on kaolinite micelles (Carrol, 1958). Ferric oxides and ferric hydroxides that are 
transported into coal basins are resistant to conversion to soluble ferrous iron in the coal 
swamps where organic matter is abundant (Carroll, 1958). The very low sedimentation rates 
produce a wide zone of iron reduction and relatively high rates of organic carbon oxidation. 
Carbon dioxide is generated by bacterial oxidation of abundant plant debris as in the 
equation:
CH20  + 0 : — > CO, + H20  — >H 2C 03
This occurs at or beneath the sediment/water interface. An increase in the activity of iron 
on the one hand, and a high concentration of carbon dioxide on the other hand, promotes 
extensive precipitation of siderite at shallow depths (Gautier, 1982; Mozley and Bums, 
1993).
The presence of carbonates, almost exclusively siderite as well as the large proportion of 
highly degraded skeletal vitrinite in the high ash coal and shaly coal samples (Plates la to 
lc and 5d), indicates that the rate of organic carbon oxidation is relatively high. After a 
detailed study of the oxygen and carbon isotopic composition of marine carbonate 
concretions, Mozley and Bums (1993) suggested that differences in the rate of organic 
carbon oxidation leads to differences in mineralogy. In sediments where the rate of organic
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carbon oxidation is relatively low (but still high enough to lead to carbonate precipitation) 
calcite is more likely to form whereas in sediments with relatively high rates of organic 
carbon oxidation, dolomite and siderite will form providing the metal ions are available.
6.1.2 Compositional Zonation
Siderite concretions usually have compositional zonation (Matsumoto and Iijma, 1981; 
Mozley and Carothers, 1992; Patterson et al., 1988). Examination of siderite-rich samples 
from the Kuparuk Formation, Alaska, by Mozley and Carothers (1992) revealed complex 
compositional zonation in the siderite. The samples were principally composed of mixtures 
of relatively early-formed siderite and relatively late-formed Mg-siderite, with mean 
compositions of (Fe77.5Mgi3.8Ca7.9Mno.7)C03 and (Fe55.8Mg32.8Caio.8Mno.6)C03, 
respectively. Similar small-scale zonation was noted in concretionary siderite in Early 
Cretaceous and Lower Jurassic rocks in England (Taylor, 1989) and in Jurassic and Triassic 
units on the Alaska North Slope (Mozley, 1989; Mozley and Hoemle, 1990). Data of 
Patterson et al, (1988) show the compositional zonation in siderite grains in the Lilypool 
subunit of the Condor sequence has similar chemical trends as the Kuparuk Formation of 
Alaska (Mozley and Carothers, 1992).
Most of the siderite in the Condor samples is enriched in Mg and the amount of Mg in the 
siderite is variable, ranging from less than 1.5% to 12% (Patterson et al., 1988). The most 
dramatic shift in Mg content is between the early siderite (central core), which is relatively 
Fe-rich with less than 1.5% of MgO and 1.3% to 3.5% CaO and the later outer zone siderite 
which has 6% to 12% MgO and 3% to 9% CaO.
A number of processes affect the Fe2+/Mg2+ ratio of early pore waters; two processes 
proposed by Mozley (1992), however, may best explain the apparent decrease in the 
Fe2+/Mg2+ ratio of the Condor swamp pore waters through time:
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1. Precipitation of Fe-rich minerals decreases the Fe2+/Mg2+ ratio of pore water through
selective removal of Fe2+ from the system (Curtis and Coleman, 1986; Mozley, 
1992). Thus, precipitation of early Fe-bearing minerals such as pyrite and Fe-rich 
siderite may have resulted in a decreased Fe2+/Mg2+ ratio in the pore water during 
precipitation of the Mg-rich siderite.
2. Bacteria may significantly affect pore-water cation chemistry because they are capable
of concentrating significant amounts of Mg. Halophilic bacteria have been found to 
concentrate Mg in greater quantities in seawater than in freshwater (Greenfield, 
1963); concentrations of up to 2500 mg/1 Mg have been reported (De Medicis et al., 
1986). Gebelein and Hoffman (1973) reported that blue-green bacteria concentrate 
Mg up to 3 to 4 times that of seawater concentrations. They hypothesized that the 
decay of such bacteria could raise pore-water Mg concentrations and result in Mg- 
rich carbonate formation. Siderite that precipitated subsequent to the decay of Mg- 
rich bacteria could be enriched in Mg relative to that formed while the bacteria were 
alive.
6.1.3 Formation of Pyrite
The presence of early-formed framboidal pyrite with siderite in coal samples (Plates 5c and 
5d), a common by-product of reactions involving bacterial sulphate reduction (Bemer, 
1986), indicate that these rocks underwent a period of sulphate reduction during early 
diagenesis. Although the amount of pyrite in the sample is generally small (trace), it is 
possible for significant sulphate reduction to occur without the formation of pyrite if H2S 
escapes or oxidises from the system (Bemer, 1986). The appearance of framboidal pyrite in 
the coal implies sulphate-reducing bacteria aided in the decomposition and assimilation of 
the plant tissues (Kortenski, 1992). At or beneath the sediment/water interface, during low 
sedimentation rates, organic-rich sediments may undergo sulphate reduction, producing 
dissolved HS' and subsequent oxidation of the organic matter, represented by
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2 CH2O + S O 2 HS" + 2HSC03- + H+
This process is enhanced by burrowing organisms that increase the irrigation of the 
sediment with SO/2. Pye et al. (1990) found that sulphate-reducing bacteria are most active 
in the upper 0.2 m of vegetated marsh sediments where biological productivity is high and 
organic nutrients are abundant. A large amount of the H2S produced in this zone is probably 
oxidized or escapes to the surface, creating an opportunity for ferroan carbonate 
precipitation. The dissolved HS" then reacts with available iron, eventually forming pyrite. 
Low deposition rates may increase the diffusion of sulphate into the sediment.
Evidence of the transformation of syngenetic siderite into pyrite is given by massive pyrite 
enclosed in siderite grains (or totally replacing the siderite) or as small grains disseminated 
along fine fractures in siderite grains (Plate 5e). This feature was also documented in other 
coals by Smyth (1966). She attributed the formation of pyrite to ascending or descending 
H2S-containing solutions during coalification. Kortenski (1992) stated that the oscillation of 
a sedimentary basin during peat genesis can change the acidity, and therefore reducing 
conditions, repeatedly from a weakly acid to a weakly alkaline character and lead to 
successive deposition of massive siderite and massive pyrite. Mozley and Carothers (1992) 
pointed out that pyrite may be formed by the introduction of H2S dissolved in meteoric 
water following the uplift of sedimentary basins. At this time, pyrite formation would have 
the same cation and anion sources (detrital sediment and organic matter). However, the 
descending meteoric water would provide a sulphur source and thus siderite precipitation 
would be retarded or even dissolution of already-formed siderite grains may occur.
Middleton and Nelson (1996) stated that septarian cracking may occur in some early 
formed siderite concretions at a relatively late stage of sediment burial, when the sediments
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are at depths of 100 to 700 m. In the Te Kuiti Group, New Zealand, the septarian fractures 
are infilled with late-stage calcite.
The high vitrinite and low inertinite contents provide an indication that the Condor peat 
swamp may have been located in an unstable basin, similar to those discussed by Shibaoka 
and Smyth (1975) and Smyth (1980). The cyclic pattern in the distribution of spores and 
pollen assemblages (Evans, 1965 and Foster, 1980) and the occurrence of thick-walled 
cutinite (crassicutinite; Plates 3d to 3f) as well as thin-walled cutinite (Plates 3g and 4a) in 
the coals, indicate alternating discontinuous swamps with periods of relative shallow water 
and then periods of deeper water. This could have been produced either by oscillations in 
the tectonic subsidence or changes in the amount of water entering the basin. Intermittent 
flooding would result in minor influxes of meteoric water into the mire. With either an 
oscillation in subsidence rates or intermittent climatic change (which would control the 
volume of water entering the basin), the associated influx of meteoric water would have 
significantly altered pore-water chemistry in the peat. Consequently, large amounts of 
reduced sulphur in the pore water could lead to the dissolution of carbonate along fractures 
in the siderite grains. In effect, the repeated changes in the environment would be 
associated with changes in the pH of the mire, from weakly acid to weakly alkaline, and 
this would lead to the deposition of pyrite, as for example, along the fractures in the siderite 
grains.
In Chapter 3 it was stated that large-scale coal formation only takes place in rapidly 
subsiding basins and that the coals formed are characterised by vitrite, clarite and high ash 
contents. Condor coals have the lithotypes of coals formed in rapidly subsiding basins but 
the coals are not relatively thick. If it is assumed that thick coals/rapid subsidence is a 
common occurrence, the fact that Condor coals are not relatively thick suggests the 
Hillsborough Basin was not rapidly subsiding at the time the coals were forming. It also
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follows that the basin probably did not experience oscillations in subsidence rates and that 
the siderite/pyrite problem is related to climatic influences rather than tectonic influences.
It is suggested that diagenesis in the Condor Basin can be separated into several sequential 
stages (Table 6.1), during which pore-water chemistry was largely controlled by different 
bacterially-mediated reactions. During the accumulation of peat, the basin was 
characterized by alternating discontinuous swamps with abundant vascular plants and 
deeper waters with increased clastic input due to the systematical climatic changes. The 
repeated influxes of meteoric water during flooding significantly changed pore-water 
chemistry leading to the precipitation of various minerals in the peat swamp.
1. Firstly, under suboxic conditions and within a few metres of the sediment/water 
interface, the dissolved oxygen was of unlimited supply from the atmosphere or 
entered via flooding waters and thus oxidation of the organic matter took place. At 
the same time, the swamp was constantly supplied with clastic detritus by 
intermittent flooding, and considerable amounts of dissolved iron, as suspended 
colloid particles or as coatings on kaolinite micelles saturated the water. The 
bacterially-mediated Fe3+ reduction released Fe2+ to the pore waters. However, the 
Eh was too high to allow bacterial sulphate reduction. A large amount of H2S 
produced in this zone probably oxidized or escaped to the surface, creating an 
opportunity for ferroan carbonate precipitation. During the precipitation of this 
siderite, pore water was characterised by a relatively high Fe2+/Mg2+ ratio because of 
the freshwater environments. The low rate of sedimentation, warm humid climate 
with sporadic dry periods resulted in high rates of organic-carbon oxidation which 
made it possible for siderite precipitation over a relatively long period, thus forming 
relatively large siderite grains.
2. After further burial, the organic-rich sediments underwent a period of bacterially- 
mediated sulphate reduction, producing dissolved HS~. With a restricted oxygen
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supply, the downward diffusion of sulphate oxidized the organic matter. The 
dissolved HS" then reacted with active iron, eventually forming small amounts of 
ffamboidal pyrite as a result of the bacterial activity. Siderite also may have formed 
in this zone if the rate of iron reduction exceeded the rate of sulphate reduction.
3. Following sulphate reduction, a period of methanogenesis (fermentation) greatly 
enriched pore-water HC03" when anaerobic bacteria consumed the oxygen from 
organic substances with the formation of methane, acetic acid and substantial 
amounts of carbon dioxide. The pore-water from which the siderite formed had 
relative low Fe2+/Mg2+ ratios, possibly the result of removal of Fe2+ by the 
precipitation of early siderite and pyrite and/or the release of Mg2+ through the 
decomposition of Mg-enriched bacteria.
4. During the last stages of sediment deposition, the sedimentary basin underwent a 
period of tectonic activity or uplift of alternatively, changes in the climate resulted in 
water level changes in the mire. Consequently septarian cracking occurred in some of 
the early formed siderite concretions. The descending H2S-containing solutions would 
saturate the fractures and even saturate the sediments. Eventually, late-stage pyrite 
and carbonate infilled the cleats of the coal (Plate 5h) and the small fractures in the 
early-formed siderite (Plate 5e).
6.2 SIGNIFICANCE OF THE FORMATION OF EXSUDATINITE
Exsudatinite has been known for a long time as a secondary maceral or ‘migrated resinite . 
It is a minor constituent in coals and occupies cracks, apophyses, fissures and cell lumens. 
The fluorescence properties of exsudatinite are rather variable, representing a spectral 
continuum from greenish-yellow to orange colours. Recent studies characterize exsudatinite 
fluorescence as moderately to weakly intense and orange to orangish-red in colour 
(Teerman et al., 1987; Zhao et al., 1989).
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At the maceral level, the precursors of exsudatinite are thought to be lipid-rich constituents 
of the coals such as fats, waxes and oils and, in some cases, vitrinite macerals which 
liberate oil-like substance during the early stages of coalification (Teichmuller. 1974; Stach 
et al., 1982). Chemically, exsudatinite is suspected to be, at least in part at the molecular 
level, similar to bitumen. However, Teichmuller and Ottenjann (1977) suggested that all 
vein-filling forms of bitumen belong to exsudatinite. Hutton et al. (1994) argued that 
bituminite and exsudatinite are chemically and petrographic ally similar organic matter. 
These authors defined exsudatinite as a secondary, fluorescing liptinite found in fractures, 
pores and other cavities in coal, whereas secondary, fluorescing liptinite found in clastic 
rocks was classified as bitumen.
Coals containing exsudatinite are found in various basins throughout the world, including 
the Tertiary basins of Australia and Indonesia. Exsudatinite is always associated with humic 
facies. Stach et al. (1982) noted that exsudatinite is mainly found in liptinite-rich coals of 
subbituminous to high volatile bituminous rank. However, later studies found that it can 
occur in coals of varying rank ranging from soft brown coal to bituminous rank (Hadiyanto, 
1992; Hutton et al., 1994; Hutton and Hower, 1999).
An important aspect concerning exsudatinite is its genetic link to the generation of 
primordial oil and oil-like substances in coals and source rocks. Large amounts of vitrinite, 
secondary liptinite (exsudatinite), oil drops and oil hazes in coal or carbonaceous shale are 
thought to be indicators of hydrocarbon generation in these rocks (Teichmuller and Durand, 
1983). Cook and Struckmeyer (1986) assumed that the occurrence of exsudatinite and 
fluorinite is related to petroleum generation and stated that early generation of 
hydrocarbons probably results from the breakdown of compounds such as fatty acid, esters 
and alcohol that are preferentially associated with low rank vitrinite. Taylor and 
Teichmuller (1993) found that hydrocarbons could be generated from fluorinite is derived 
from lipid-rich materials. They proposed that the hydrocarbons generated from fluorinite
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and other macerals were injected into the vitrinite that then fluoresces; the exsudatinite 
undergoes diagenetic alteration to become more vitrinite-like material.
Resinite has been regarded as an important maceral for oil generation. Zhao et al. (1989) 
assumed this when they discussed the fluorescence intensity and colour variation of 
exsudatinite in brown coal from the Baise Basin, South China. They attributed the different 
microscopic properties of exsudatinite to different precursor resinites. Using the study of 
Thomas (1969) which showed a conifer, Agathis, produces five types of resin, Zhao et al 
(1989) concluded that the four types of exsudatinite in the Baise Basin coals were derived 
from the different resinite precursors, such as leaf resin and vascular bundles in higher 
plants.
Exsudatinite occurs in Condor coal and shaly coal samples which vary in rank from brown 
coal to sub-bituminous coal (0.4% to 0.65% Rvmax). A summary and detailed percentage 
of exsudatinite is given in Appendix I.
Although the average abundance of exsudatinite is less than 2%, most samples contain 
exsudatinite in trace quantities with some samples containing up to 6% (for example, GM 
25696). Exsudatinite was observed filling cracks, cleats or cavities at the edges of the 
suspected parent or precursor macerals and, more typically, as an enclosing medium around 
some corpogelinite or eu-ulminite fragments (Plates 3 and 4). Exsudatinite normally occurs 
in association with vitrinite and liptinite (particular resinite and cutinite) and therefore 
some, if not all, of the exsudatinite appears to originate from these macerals.
As described in the previous Chapter, five types of exsudatinite, based on mode of 
occurrence and association with suspected precursor maceral, were observed. Type II 
exsudatinite is the most common form of exsudatinite in Condor coals followed by Type I, 
Type III and Type IV respectively. This is probably a function of origin as Type II and 
Type I exsudatinite are mostly associated with ulminite, the dominant vitrinite maceral,
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and liptinite which many authors regard as a precursor of exsudatinite. Thick-walled 
cutinite is occasionally associated with Type II exsudatinite (Plates 3c and 3d); the cutinite 
has a faint orange to brown fluorescence. This suggests that Type II exsudatinite is 
probably derived from leaf resin and other lipid-rich plant material from which the earliest 
oil was generated during bituminisation, a similar process to that discussed by Cook and 
Struckmeyer (1986). It is interesting to note that the abundance of this Type II exsudatinite 
is commonly higher in high ash coal samples with abundant skeletal vitrinite. This in turn 
leads to the assumption that the sources of this type of exsudatinite could be lipid material 
that was comparatively resistant to microbiological attack. Thus, much of the humic leaf 
precursor has not survived whereas the precursors of exsudatinite (leaf resins) have been 
selectively preserved and concentrated, a phenomenon also discussed by Taylor and 
Teichmiiller (1993).
Type II exsudatinite has the most intense fluorescence of the five types of exsudatinite and 
this is probably a function of chemical composition, perhaps a higher hydrogen content. A 
high hydrogen content probably is also a factor contributing to the greater mobility of this 
type of exsudatinite compared to the mobility of the other types of exsudatinite.
Type V exsudatinite has variable fluorescence intensity (Plates 5a and 5b). This 
exsudatinite has a dull brown fluorescence and is probably a residue that remains after the 
distillable fractions (perhaps the lighter yellow fluorescing exsudatinite) was expelled. This 
suggests this type of exsudatinite has an genetic association with vitrinite. Zhao et al. 
(1989) also noted differences in fluorescence between the four types of exsudatinite that 
they observed. They suggested that the weaker fluorescence intensity and the longer 
wavelength fluorescence were caused by the removal of lighter (lower molecular weight) 
components or fractions as a result of differentiation during primary migration.
The abundant exsudatinite in most Condor coals is thought to be indicative of in situ 
hydrocarbon genesis and migration. The exsudatinite is thought to be the result of the
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expulsion of labile components during diagenesis through decarboxylation and reduction 
processes although large amounts of petroleum-like substances are assimilated by 
absorption and probably also chemically by vitrinite (Stach et a l, 1982). Stach et al. (1982) 
stated the rapid red shift in fluorescence and the decrease in fluorescence intensity of 
liptinite may imply the generation of oily bitumen from liptinite in coals. The relatively 
weak dull to brown fluorescence of most primary liptinite, especially cutinite, resinite and 
sporinite, in Condor coals is thought to indicate generation of hydrocarbons during 
coalification.
Green and Bateman (1981) stated that significant quantities of oil were produced from 
Condor coal during pyrolysis with up to 135 LTOM being recorded. Hutton (1982) 
proposed that much of the bitumen, a minor component in the oil shale and coals, was 
derived from alginite or resinite by thermal alteration due to the deeper burial in the Condor 
deposit. It should be noted that given the redefinition of bituminite and exsudatinite by 
Hutton et al. (1994) that the “bituminite in coals” (Hutton, 1982) would now be called 
exsudatinite. Hutton also proposed that because no petroleum had been discovered in the 
Hillsborough Basin this did not necessarily mean that oil had not been produced. He 
suggested that petroleum had been formed in small or significant amounts but the more 
mobile petroleum fractions might have migrated from onshore sediments to the 
southeastern offshore extension of the Hillsborough Basin.
Fluorescence from some vitrinite in Condor coal may be the result this vitrinite assimilating 
petroleum-like substances. The relative low reflectance of this vitrinite supports this 
assumption. The association of Type V exsudatinite with vitrinite also is another indication 
of a genetic link between vitrinite and hydrocarbons. Other authors have come to similar 
conclusions (for example, Hutton and Cook, 1980). Taylor and Liu (1989) stated that lipid- 
rich material derived from bacterial and fungi are present in some vitrinite. Taylor and
179
Teichmiiller (1989) stated that fluorescing vitrinite forms as a result of number of forcible
injections of petroleum-like material at a comparatively late stage of humification.
From data given in the previous discussions, it can be argued that:
1. The Condor carbonaceous rocks have good to excellent oil-generative potential based 
on the organic petrography. The parent vascular plant matter contains abundant lipid- 
rich material such as oils, latex, fats and waxes. The humic parent plant materials 
underwent severe biodegradation with much of the humic precursor organic matter 
not surviving, whereas the lipid-rich materials were selectively preserved and 
concentrated.
2. Exsudatinite is regarded as a product of hydrocarbon generation and a priori can be 
regarded as a hydrocarbon. It is suggested that vitrinite and liptinite in the Condor 
coals generated hydrocarbons subsequent to or during early coalification. Although 
some hydrocarbons may have been injected into the fluorescing vitrinite, some of the 
hydrocarbons filled veins and fractures in coal; this is now exsudatinite.
3. The association of primary liptinite and vitrinite with exsudatinite indicates 
exsudatinite was probably derived from primary liptinite, resinite, cutinite and 
vitrinite. The association of Type II exsudatinite with corpogelinite and cutinite 
implies it probably was derived from leaf resin. The different modes of occurrence of 
Type I and III indicate they were derived from different forms of resinite. Some Type 
V exsudatinite is probably resident in the vitrinite structure. The precursors of Type 
IV exsudatinite are probably either liptinite or vitrinite.
6.3 MACERAL DISTRIBUTION AND COALIFICATION
The composition of coal is related to palaeoclimate, tectonic setting and palaeotopography.
Spatial and temporal variations in these factors produces coal type provincialism (Cook,
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1982). Thus, some coals may have properties that are different to the properties of other 
coals in different parts of same seams, to coals in different parts of same basins, or to coals 
in other basins.
The range of plant components preserved in the peat, and the extent of alteration to these 
components during the diagenesis of the peat, and subsequent coalification, determines coal 
type (Smith, 1968; Stach et al., 1982).
The lithologies of the Lilypool subunit are characterized by the dominance of vitrinite with 
subordinate liptinite and rare to sparse inertinite (Tables 5.1 and 6.1; Figs 5.6 and 5.7). The 
low ash coals contain well-preserved, often cellular botanical structures in texto-ulminite. 
The presence of abundant wood and cuticle, together with a macrolaminated texture 
indicates an in situ accumulation of peat. In contrast, the high ash coals and shaly coals 
have finer grained detrital components (Plates la to Id). These textures and higher mineral 
content, together with the pronounced microlayering of these lithologies, imply some 
degree of rearrangement of plant remains within the peat swamp during flooding. These 
differences in the petrographic features may reflect different depositional processes that 
involve peatification and humification and that may have produced segregation of the peat 
components giving rise to the distinct maceral assemblages in the coals.
The interseam compositional variation in the Condor coals is not very great with respect to 
any maceral group. Selecting total vitrinite, the samples with the highest vitrinite content 
are from drill hole CDD 112; the lowest vitrinite content is in samples from drill hole CDD 
46. Eu-ulminite and skeletal vitrinite are co-dominant in all drill holes. Texto-ulminite is 
commonly present in samples from CDD 112 and CDD 154 with values ranging from 0.5% 
to 4%; this maceral is rare in CDD 46. The skeletal vitrinite content is much higher in CDD 
46 than others. As illustrated in Figures 5.3 to 5.5, there is a slight upward decrease in 
skeletal vitrinite content from a range of 50% to 70% in the lower portion of the seam to a 
range of 30% to 40% near the top. Another noticeable feature of the seam is the high
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proportion of mineral matter in the lower half of the seam. One explanation for the 
increased skeletal vitrinite content in drill hole CDD 46 is that some of the poorly 
consolidated peat may have been transported from it original site of deposition to other sites 
by flood waters. This could lead to diminution, mechanical degradation and partial 
oxidation of the organic matter during transport (Plates Id, 2c and 2d).
With respect to liptinite and inertinite, there are no significant interseam differences among 
the drill holes although samples from drill hole CDD 46 have slightly higher total liptinite 
contents than other samples.
The increased skeletal vitrinite content with increasing mineral matter is thought be due to a 
generally higher degree of tissue destruction under the influence of higher pH values and 
bacterial activity during flooding. Stach et al (1982) and Littke (1987) described similar 
processes to account for large amounts of mineral matter in coals.
As discussed by Cook (1982), Stach et al. (1982) and Diessel (1992), the first-formed 
products during the biochemical stage of coalification, that is, during deposition and early 
diagenesis, are related to the type of plant material in the peat. The extent of biochemical 
and chemical alteration, as well as the climate and edaphic conditions in the mire are other 
important factors. The most severe alteration occurs at or near the peat surface and 
immediately below it. Structural decomposition during peatification may vary considerably 
within the same mire as a result of different conditions. This gave rise to different facies 
types. Water and ion supply, degree of alkalinity and oxidizing conditions were the 
conditions likely to influence degradation of the peat. In aerobic environments, with high 
levels of oxidation and weakly alkaline media, organic matter decomposes severely and 
only highly resistant plant matter survives. In contrast, under relatively low levels of 
oxidation, more of the humic components are better preserved and retain more of the 
primary plant structure.
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During humification, plant tissues are transformed into humic acids as a result of slow 
partial oxidation as well as microorganism activity. Further, the humic materials become 
capable of passing at least partially into true or at least colloidal aqueous solution due to the 
oxidative changes, including the formation of the acidic carboxyl group (Stach et a l , 1982). 
On the other hand, gélification processes may not be entirely distinguishable from 
humification processes and there may be a continuation of the humification process that 
leads to the formation of vitrinite in the sub-bituminous stage (Stach et a l, 1982).
The relatively abundant low ash coals in CDD 112, and to a lesser extent, similar coals in 
CDD 154, contain reasonably well-preserved, often cellular botanical structures such as in 
texto-ulminite macérais. This suggests that the peat has undergone minimal change after the 
peat stage, that is, it has been subjected to less intensive change either by bacterial activity 
or the levels of oxidation in the peat swamp. The humic acids may have caused rapid clay 
flocculation and accumulation of these minerals along the margins of swamp during 
flooding. In contrast, the high ash coals and shaly coals in CDD 46 and CDD 154 have a 
detrital-components composition (with skeletal vitrinite), probably as a result of more 
intensive bacterial activity and a higher level of oxidation in the peat mire under aerobic 
environments. Under these conditions, the pH was relatively high, the swamp water was 
continuously supplied with freshly dissolved oxygen and the rate of decay was relatively 
high. Consequently, most of the vegetable matter, such as soft cell contents, cellulose, 
hemicellulose and may be some of the more resistant compounds such as lignin, were 
consumed by bacteria and only the highly resistant materials accumulated (Plates la to Id; 
2c and 2d). At the same time, abundant detrital minerals (Plates 5f and 5g), brought in by 
flooding, were deposited in the swamp.
Gélification is a rank dependent process in the coal and is a function of biochemical and 
geochemical alteration. The first stage of gélification occurs in the peat and soft brown coal 
stages and the second stage is related to increased temperatures and possibly pressure (due
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to burial). The second stage of coalification occurs at the boundary between brown coal and 
bituminous coal stages. Smith (1982) noted changes in the textural properties of vitrinite 
and correlated these with an increase in coal rank as a result of burial. With increased depth, 
Smith recognized that the major process of vitrinite coalification appeared to be conversion 
of textinite and well-preserved texto-ulminite to eu-ulminite. He reported that in the 
Tertiary Latrobe Valley coals, telovitrinite showed remnants of cell lumens at 
approximately 1,259 m depth (Rvmax of 0.3%) whereas all cell lumens had completely
gelified at a depth of 1,742 m.
The lack of open to partially open cell lumens (texto-ulminite) in coal samples from CDD 
46 probably indicates that the coals from CDD 46 may have undergone more intensive 
coalification than the coals from CDD 154 and CDD 112. Therefore the rank of coals in 
CDD 46 should be slightly higher than for the coals from CDD 112 and CDD 154. The 
average mean maximum reflectance values for vitrinite support this hypothesis (average of 
the Rvmax values for CDD 46 is 0.62% and the average for CDD 112 and CDD 154 are
0.54% and 0.56%, respectively).
Hutton (1982) also interpreted the higher reflectance of vitrinite in samples from CDD 46 
as an indication that the coal had been deeply buried (>900 m) since shortly after 
deposition. It was assumed that, as coalification progressed, the role of compaction and 
gelification became more important and produced closed cell lumen in the woody tissue 
during the transformation of texto-ulminite to the eu-ulminite.
6.4 COMPARISON WITH OTHER TERTIARY COALS
As discussed in detail in Chapter 3, the petrographic composition of peat is related to 
palaeoclimate, geological age and tectonic setting. As a result, spatial and temporal 
variations in the palaeoclimate, geological age and tectonic setting influence the
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development of coal type, degree of metamorphism (rank) and range of impurity (grade) 
provincism.
Although coals formed throughout all the Tertiary period (Table 6.2), the Tertiary coals of 
Australia and some of the other parts of world can generally be grouped into two main 
types: Paleogene (Palaeocene to Eocene) and Neogene (Miocene to Pleistocene). Most of 
Palaeocene to Eocene coals in Australia, including Condor coal (Table 3.3), and some other 
coals such as Jammu coal (India) and Baipao coal (China), formed in alluvial intermontane 
basins. The sequences are generally thin and the coal seams are relatively thin (mostly less 
than 40 m). Most coals contain relatively abundant mineral matter. The precursor peats 
were deposited in planar, rheotrophic mires (Table 3.1). In contrast to these older coal 
deposits, most of Oligocene to Miocene coals, such as Latrobe Valley and Rhine coals are 
thicker (30 to 130 m) and mostly are found within a major regressive sequences in foreland 
basins. These coals are characterised by thick seams, low mineral contents and are derived 
from thick ombrogenous, oligotrophic peats.
Macroscopically, Condor coals and some other Palaeogene coals are different from the 
Latrobe Valley brown coals and Rhine coals. Latrobe Valley and Rhine coals can be 
divided into different lithotypes that can be recognised by the colours of the lithotypes in 
hands-specimen. That this can be done may be due in part to these coals being of greater 
economic importance and thus more research and study have been directed towards them 
(Table 3.4). Dark and Medium-dark lithotypes show more pronounced bedding as 
compared with other lithotypes due to the high proportions of wood fragments. Medium- 
light and Pale lithotypes are less well bedded. The coals are composed mostly of 
homogeneous detrovitrinite.
Petrographically, the dark to pale lithotypes are analogous to the vitrains (bright layer) and 
clarains (dull layer) of Condor and Jammu coal deposits. Jammu coals are dominated by 
durain and fusain layers with thin vitrain layers. The brighter low-ash Condor coals are
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basically vitrains whereas the dull layers have high mineral contents. Baipao brown coals 
are macroscopically analogous to the paler lithotype of Latrobe Valley brown coal except 
the mineral contents are much higher in the Baipao coals.
Maceral analyses of Condor coals show some similarities with some of the Tertiary coals 
from elsewhere across the world (Tables 3.8 and 6.2); they are especially similar to the 
Paleogene coals. As shown in Tables 3.6 and 5.2, vitrinite is the dominant maceral in 
Condor coals ranging from 79% to 95% which is in the same range for other Tertiary coals. 
Similarly, both Condor coals and other Tertiary coals have high liptinite contents (1% to 
20%) and relatively small amounts of inertinite. However, the light to pale brown coals in 
Latrobe Valley have up to 20% liptinite and the Baipao coals contain up to 70% of 
liptinite.
Whereas Condor coals consists mainly of skeletal vitrinite forming a matrix for isolated 
thin layers of texto-ulminite and eu-ulminite, most other Tertiary coals have well preserved 
vitrinite. For example, the Dark and Medium lithotypes of the Latrobe Valley and Rhine 
coals, and the vitrains in Jammu coal, consist of well-preserved telovitrinite interbedded 
with detrovitrinite (mostly attrinite in low rank coals and densinite and desmocollinite in 
higher rank coals).
The ratio of telovitrinie to detrovitrinite for most of Tertiary coals, especially Indonesian 
Tertiary coals, ranges from 0.4 to 3. However, if Neogene coals are compared to Palaeocene 
coals, the ratio of telovitrinite to detrovitrinite is higher in Palaeocene coals. For example, 
the ratio of telovitrinite for Eocene coals in Eastern Kalimantan varies between 0.93 (Satui 
coals) and 1.58 (Tanjung coals) whereas for Miocene coals, the range of the ratios is 0.77 
(Berau coals) to 1.34 (Sangatta coals). The ratio of telovitrinite to detrovitrinite is higher for 
Indonesian coals (approximately 1) than for Latrobe Valley coals (approximately 0.5). 
These differences in the ratio of telovitrinite to detrovitrinite may indicate that either the
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Latrobe Valley coals underwent more degradation than Indonesian coals or the coals had 
different precursor plants.
For Condor coals, it is difficult to obtain true ratios of telovitrinite to detrovitrinite because 
of the abundance of skeletal vitrinite. However, the ratio of ulminite to skeletal vitrinite 
ranges from 0.35 to 0.9. These values probably indicate the precursor peat in the Condor 
deposit, as was the case with Eocene coals in some Indonesian basins, underwent severe 
degradation during peat accumulation.
Liptodetrinite, cutinite and exsudatinite are the dominant liptinite macerals in Condor coals. 
Resinite and sporinite are minor macerals. In contrast, the liptinite of Latrobe Valley coal 
and some Indonesian coals is dominated by sporinite, resinite and cutinite with 
liptodetrinite dominant in the medium light to pale lithotypes. Another similarity with some 
Indonesian and Chinese Tertiary coals is Condor coals contain exsudatinite; this maceral is 
not in Latrobe Valley coals.
The inertinite content in most of Tertiary coals is relatively low. In contrast to Condor 
coals, in which sclerotinite is the predominant inertinite maceral, most Tertiary coals 
contain semifusinite, fusinite and inertodetrinite as well as sclerotinite with percentages 
ranging from 1% to 5% of the bulk rock (Fig 6.2; Tables 3.7 and 3.8)
Mineral matter is a minor component in most thick Neogene coals because they formed 
from thick ombrogenous, oligotrophic peats in which plant growth was controlled by a 
tropical to subtropical climate. The heavy rainfall provided a nutrient-poor environment that 
led to low floral diversity. The vegetation precursors are typical rainforest species 
dominated by angiosperms (many of which were herbaceous), ferns and mosses that 
developed in lowland areas (Hutton et al., 1994).
Examples of coals that fit this scenario are the Latrobe Valley coals, Rhine coals and some 
Miocene coals from Indonesia. The extremely low mineral matter/ash yield for these coals
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is considered to be a consequence of elevated topography of the peat with respect to 
floodwaters, acidity associated with high moor development and the increased solubility of 
mineral matter under conditions of low pH (Daulay, 1994).
In contrast, most of the Palaeocene coal in Australia and Indonesia, including Condor coals, 
have substantial amounts of mineral matter (mainly clay minerals, quartz and pyrite). For 
example, the Senakin Eocene coals, eastern Kalimantan, contain up to 20% mineral matter, 
Condor coals have mineral content ranging from 5% to 60%. The abundant mineral matter 
in some of these coals is thought to be the result of flooding, for example, Condor and 
Jammu coals.
Although the climate of Queensland in the Middle to Late Eocene was one of the high 
humidity with high rainfall, variation in the climate significantly influenced the water table 
in the Hillsborough Basin at the time of peat accumulation. It will be argued later that 
autochthonous peat formation occurred in a wet, low-lying mire derived from forest swamp 
to open marsh in a fluvial/lacustrine setting. A fluvial-lacustrine setting is one that is 
predominantly a lake but periodical rivers/streams bring flood waters laden with sediment 
that is then dispersed throughout the lake. It is possible with this scenario that when the lake 
level is low, and/or excessive amounts of sediment are brought into the lake, any peat mire 
could be inundated with sediment. There is no connotation of the environment changing 
from a predominantly lake environment to a predominantly fluvial setting, that is, the lake 
dries up or empties and is then replaced by a river/stream system.
In conclusion, Condor coals shows some similarities with other Tertiary but more 
particularly with the Palaeogene coals of Australia and Indonesia. However, there are many 
differences between the Condor coals and the other Tertiary coals discussed. The main 
difference between the coals is the proportion of mineral matter, and to a lesser extent, the 
characteristics of detrovitrinite. These differences between the Condor coals and other 
Tertiary coals can be attributed to differences in the tectonic framework, the sedimentary
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regime, climatic factors and floral composition during peat formation. For Condor coals, 
the most important of these was probably climate. Climate controlled the availability of 
moisture and thus controlled plant growth and aided in preservation of plant detritus that 
was a response to changing water table levels. However, because of relatively short period 
over which peat accumulation took place and the probable similarity in floral composition, 
the instability in tectonic environment and the sedimentary setting also may have had some 
influence on peat accumulation.
The key to determining the environment of deposition for Condor coals lies in the maceral 
types and the types and abundances of mineral matter. As these are different from those in 
other coals discussed, the models for coal formation in the Latrobe Valley, Rhine Valley, 
Indonesia and other localities are not suitable for the Condor coals.
6.5 COMPARISON WITH KENTUCKY CANNEL COALS
Cannel coals constitute a member of the sapropelic coals and form from the biological and 
physical degradation products of peat swamps (Moore, 1968). Plant spores, either wind­
borne or water-borne, are the characteristic constituents (>50%) of cannel coal. Cannel 
coals are black with a slightly greasy lustre and have a fme-grained uniform texture under 
the microscope. They are homogeneous, compact and massive rocks that generally lack 
well-defined bedding or layering, and typically have a conchoidal fracture when broken.
Cannel coals have been described as “ layers or lenses up to several centimetres thickness” 
and “ lenticular masses of limited horizontal extent, being found usually at the top or 
bottom of a coal seam” (ICCP, 1963). Cannel coals are generally less than 2 feet (60 cm) 
thick.
The maceral composition of cannel coals is similar to that of clarite, durite or trimacerite 
(Stach et a l , 1982). Moore (1968) pointed out that there is a relationship between the
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cannel coals and the constituents of humic coals, both in a physical sense of occurrence and 
in regard to the organic content and chemical properties.
It is generally accepted that the environment of deposition of a typical cannel coal is an 
open body of water, possibly surrounded by a peat mire which may grade from one 
vegetation type to another depending on factors such as climate. Surface run-off transported 
the degradation products of nearby vegetation, including spores. Plant remains are usually 
comminuted to a fine-grained detritus and some sorting takes place before accumulation. 
This accounts for the different macerals having similar sizes. The fine-grained detrital 
sediment is in effect an organic mud. This organic mud is deposited under oxygen-deficient 
or reducing conditions that result from an excess of organic material in stagnant water. 
With changing water level, cannel coals grade laterally and vertically into humic coals.
Hutton and Hower (1999) summarised the formation of Kentucky cannel coals as:
- formation of a depression, and a significant rise in the local water table within that 
depression to form a Take’; the depression could be formed by river erosion, fire or 
some other erosional agent;
- a climatically-controlled flora with unusually high reproductive cycles that produce
exceedingly large supplies of spores.
The cannel coal episode would wane or stop if:
- a river brings excessive amounts of clastic detritus into the lake thus rapidly filling the 
lake and covering the organic mud; in some cases a humic coal or a second cannel coal 
would develop depending on the extent of the relative rise in the water table;
- the organic mud fills the lake, causing a drop in the water table and the promulgation 
of conditions, which encourage development of a peat mire.
Although some people defined Condor coals as cannel coal (Green and Bateman, 1981; 
Green et al., 1984), several features of Condor coals, especially organic composition, are
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quite different to the typical cannel coals of Kentucky. Hutton and Hower (1999) also 
concluded that some Kentucky “ cannel coals” were torbanite or algae-bearing humic coals.
As Hutton and Hower (1999) stated, many of the ‘cannel coals’ were given that name 
because of their physical properties and the volatile content, not the petrographic 
components. Cannel coal is one of the six types of oil shales defined by Hutton (1982). An 
oil shale was defined as any rock that produced oil on pyrolyses with a 5% liptinite cutoff 
as the boundary between an oil shale and a non-oil shale. Also Condor coals commonly 
have oil yields of 100 LTOM and thus fit this definition. Condor coals have the 
composition of ‘cannel coal’ oil shales but they do not have the physical properties of 
cannel coal as defined by Moore (1968) and Stach et al. (1982). Condor coals have a 
relatively high liptinite content but lack the hand-specimen characteristics and the typical 
fine-grained texture of traditional cannel coals.
Due to the availability of data on the Kentucky cannel coals and given that the Kentucky 
cannel coals span the composition of almost all types of traditional cannel coals, a detailed 
comparison will be undertaken between the Kentucky cannel coals and Condor coals. 
Differences between the Kentucky and Condor coals are detailed below.
1. Kentucky coals have high liptinite contents (up to 80%, normally >20%) and
variable vitrinite and inertinite content. Four maceral assemblages are common:
- sporinite with abundant medium-grained vitrinite and inertinite;
- sporinite with abundant fme-grained vitrinite and inertinite;
- alginite with abundant fme-grained vitrinite and inertinite; and
- alginite and bituminite with minor vitrinite and inertinite.
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In contrast to Kentucky coals, sporinite in Condor coals is a rare to a minor 
component (normally less than 1.5%). Eu-ulminite and skeletal vitrinite are the 
dominant macerals. Although the Condor coals have relatively high liptinite 
contents (up to 28%, normally 5% to 15%, mineral matter free), liptodetrinite and 
exsudatinite are the dominant liptinite macerals. Inertinite is a rare to minor 
component in all samples (<0.1% to 1%) and comprises predominantly sclerotinite.
2. The presence of abundant wood and cuticle remains in the Condor low ash coals, 
together with the microlaminated appearance indicates an in situ accumulation of 
the peat. The abundant sporinite and the fine-grained texture of the humic 
components in Kentucky coals implies that most of the organic matter was 
comminuted by mechanical degradation and transported into a lake.
3. Texturally, Kentucky humic coals are typically well layered as a result of the 
microlithotypes specific to them. Many maceral assemblages display typical 
‘sapropelic coals’ textures, that is, they are fine-grained, uniform and lack well- 
defined layering. The Condor coals usually display layering but have different 
microlithotypes.
4. The sporinite-rich coals of Kentucky are believed to have formed in humic peat 
swamps in which unusually large numbers of spores were introduced, possibly as a 
result of unusual, climatically-controlled reproductive cycles. The alginite-bearing 
coals were probably formed in shallow lakes at some stage of peat swamp 
development as envisaged for the classic cannel coal. The microlithotypes and 
mineral assemblages of Condor coals are different and this implies that the 
depositional environment of the coals was a wet, low lying mire derived from wet 
forest swamp to open marsh with variable flooding events.
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In summary, although the Condor coals have some similarities with the cannel coals of 
Kentucky, which span almost all the various types of cannel coals and therefore are thought 
to be typical of most coals designated by this term, there are many differences between the 
Condor coals and the Kentucky cannel coals, especially those that contain alginite. It is the 
magnitude of the differences, such as the presence of alginite and bituminite in the 
Kentucky cannels as opposed to none in Condor coals, that suggests Condor coals should 
be separated from the Kentucky cannel coals. It follows that the environments of deposition 
of the Kentucky cannel are probably quite different to that of the Condor coals even though 
both coal types formed in a predominantly lacustrine setting. A model for the formation of 
any of the Kentucky cannel coals is not a good model the formation of Condor coals.
6.6 COAL FACIES AND DEPOSITIONAL ENVIRONMENTS
6.6.1 Literature Survey
An important part of this thesis was the literature search (Chapters 3 and 4). This search 
was undertaken to review the properties of various Tertiary coals and their environments of 
deposition. In general, it appears that many of the well-documented Tertiary coals are 
suitable analogues for the Condor coals. Important points to emerge from the literature 
search are listed below.
1. Coal sequences deposited in lacustrine settings are characterised by rapid vertical and 
lateral facies changes from humic coal into cannel coal and oil shale. For the Condor 
deposit there is a significant vertical facies change from coal to oil shale and the 
environment of deposition for both are quite different, and are probably independent 
of each other. Importantly, although there are changes in rock types within the 
Lilypool subunit (from coal to carbonaceous shales to sandstone and claystone) the 
environment probably did not change dramatically whilst the Lilypool subunit was
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being deposited. This is in contrast to what is mentioned in the literature. The overall 
environment was that of a lake
2. Many authors cite climate and tectonic processes as important factors influencing 
coal formation. Given that the Lilypool subunit is a thin part of the Hillsborough 
Basin sequence and that the sequence was deposited in a short part of the Tertiary, it 
is unlikely that tectonic processes played a significant role. It is suggested that 
climate was the paramount factor influencing coal formation in the Hillsborough 
Basin. Most of the changes in the lithologies can be attributed to fluctuations in the 
water level of the lake and these were controlled by climate.
3. Several important coal sequences from elsewhere in the world were examined. Of 
these, the Latrobe Valley and Rhine coals are commonly cited in the literature. The 
models proposed for both of these appear not to fit the Condor coals. For example, 
there are no analogues for the lithotypes that are characteristic of the Latrobe Valley 
coals. Also, the Latrobe Valley coals are very low ash coals, the Condor coals are 
very high ash coals. Likewise, the succession of peat environments that have been 
proposed for the Rhine coals, appear to not fit the Condor coals.
4. Kolb and Van Lopik (1958 and Russell, 1967 gave examples of floating peats that 
developed in lacustrine environments. This does not appear to be the case for the 
Condor coals. Some of the ulminite is interpreted as being derived from root tissue. 
When this is combined with the very high mineral content of the coals, floating peats 
appear to be unlikely precursors for the Condor coals.
6.6.2 Environment of Deposition of Condor Coals
Maceral assemblage data, mineral association and facies-critical maceral associations have
been used to assess depositional environments for the accumulation of the peat
(Teichmuller, 1989; Stach et ah, 1982; Diessel, 1982; 1986; 1992; Navale and Misra, 1984;
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Kalkreuth and Leckie, 1989). As discussed in Chapter 4, it is normally accepted that coals 
with abundant well-preserved telovitrinite are derived from a forest-type swamp (or peat 
mire) whereas coals with abundant detrovitrinite and sporinite are thought to accumulate in 
a reed marsh depositional environment. It also is generally accepted that an association of 
detrovitrinite, sporinite, clay minerals and in many cases alginite, are indicative of sub­
aquatic environments.
The depositional environment of the Condor oil shale sequence has been discussed by 
several authors (Paine, 1972; Green and Bateman, 1981; Hutton, 1982; Green et al., 1984). 
Three stages of sedimentation for the Condor deposit which included the lacustrine oil 
shales as well as the coals. For the Lilypool subunit it was proposed that hypautochthonous 
and fine-grained allochthonous detritus was brought from the edges of a brackish water 
basin and this accumulated as peat and later altered to coal (Hutton, 1982).
In this study, peat-forming environments are defined on the basis of the relative proportion 
of maceral groups and mineral assemblages with samples of similar composition inferred to 
have formed under similar conditions and processes. Overall, the Condor peat swamp was 
formed in a fluvial-lacustrine environment under water-saturated conditions in which plant 
degradation was moderate to high. The peat swamp was frequently inundated by 
floodwaters carrying detritus sediments.
6.6.2.1 Tectonic and sedimentary Characteristics of the Hillsborough Basin
In response to Coral and Tasman Seas rifting and sea-floor spreading in the latest 
Cretaceous to Eocene times, a series of elongate, coastal parallel onshore grabens and half- 
grabens (for example, the Hillsborough Basin, The Narrows graben and the Lowmead 
graben) developed along the eastern coast of Queensland (Fielding, 1991). The 
sedimentation in these basins commonly took place in depositional environments ranging 
from fluvial/alluvial fan, through limnic swamp to lacustrine (fresh to brackish water lake).
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As for the Hillsborough Basin, the abundant clastic detritus with little organic matter in the 
Green Swamp subunit represents early fluviatile sedimentation in the basin (Green and 
Bateman, 1981; Hutton, 1982). If the pattern of peat deposition in the Condor deposit can 
be accurately inferred from the data obtained from drill holes CDD46, CDD112 and 
CDD154, and if fluviatile sedimentation continued in the southeastern part of the basin, 
then the coals in the Lilypool subunit represent the early part of a lacustrine system tract in 
the western or central part of the basin where these holes are located. The gradation to a 
sharp upper boundary between the coals and the oil shale indicates a drowning surface 
which lead the termination of peat-forming conditions and the subsequent development of a 
lacustrine environment.
As stated previously, Evans (1965) and Foster (1980) interpreted the cyclic pattern of spore 
and pollen assemblages in the upper part oil shale subunit as indicating alternating swampy 
and drier condition. Similar conditions may have also occurred when the peat accumulated. 
The shaly coals and carbonaceous shale/sandstone with abundant relatively fine-grained 
skeletal vitrinite shows clear evidence of severe oxidation and probable drowning of the 
mire by flooding. The presence of oxidation rims on some resinite (Plates 3b to 3e) and 
oxidation fractures in eu-ulminite (Plate 2d) further proves the oxic conditions in the 
swamp.
As discussed before, the coexistence of ffamboidal pyrite with large grained siderite (Plate 
5c and 5d) and transformation of pyrite from siderite (Plate 5e) in some Condor samples 
implies the rate of sediment deposition in the Hillsborough Basin was relatively low. 
Furthermore, the basin experienced frequent influxes of water into the swamp system 
during flooding. Rimmer and Davis (1988) stated that in basins where rapid subsidence and 
acidic conditions are dominant, telovitrinite macerals will be well preserved. However, in 
areas with lower subsidence rates and more neutral or oxidising conditions, possibly within
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areas that experienced fluctuating water levels, tissues are less preserved because of partial 
subaerial exposure.
The abundance of mineral matter in most coals from CDD 46 and CDD 154 suggests that 
the peat swamp was significantly influenced by clastic sediment input. An explanation for 
this is the area where these holes were drilled was close to the source of the clastic 
sediments, a southerly volcanomict provenance of indeterminate location. The abundant 
detrital quartz and clay minerals (Plate 5g) in the shaly coals and sandstone (Fig.5.14) 
implies that most clastic detritus in the Condor coal was transported by water. The relative 
pure siderite with low contents of Ca (1.3% to 3.5%) and Mg (<1.5%) reflect the low 
concentrations of Ca and Mg in the initially trapped swamp water and hence indicate the 
seam was mostly deposited as fresh-water peat. Additional evidence for a fresh-water origin 
for the Condor coals is the low pyritic S and general depletion of Co, Ni, As and Mn in the 
Lilypool subunit, as discussed Chapter 5.
6.6.2.2 Depositional environment
Any interpretation of the environment of deposition for the Condor coals has to take into 
account the composition of the coals. Thus, because skeletal vitrinite is an important 
component of some coals and telovitrinite, gelovitrinite and detrovitrinite are important 
components of others coals, the origin of both types of coals is an important factor in 
understanding the environments of deposition. Given the properties of skeletal vitrinite and 
the properties of the other vitrinite macerals, it seems reasonable to suggest that skeletal 
vitrinite is derived from the same plant precursors as some of the other vitrinite macerals. 
Thus the formation of skeletal vitrinite is related to the environment during or after 
deposition and not to type of primary plant matter. In a sense, the formation of skeletal 
vitrinite is almost a secondary process whereby other vitrinite is altered to skeletal vitrinite.
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With respect to the environment of deposition, skeletal vitrinite generally indicates a high 
water level with a neutral to high pH in the peat swamp and consequently a high bacterial 
activity (Stach et al., 1982; Diessel, 1992). The telovitrinite is interpreted as having formed 
in an environment with a low pH and low bacterial activity.
The thickness of the Condor coals and the presence of abundant wood and cuticle indicate 
autochthonous peat formation. However, the relative high mineral content and the fine­
grained detrital composition (especially skeleton vitrinite) and pronounced microlayering 
around relatively large organic matter (Plates Id, 2c and 2d) in some samples imply 
reworking of plant remains during times of flooding and even drowning of the mires. The 
wide range of vitrinite reflectances indicates either a mixture of plant material of 
autochthonous and hypautochthonous origin or it could indicate a population of vitrinite 
that is partly oxidized (Plate Id) and partly not. The latter is thought to be the explanation.
From a plant type viewpoint, soft tissues of herbaceous plants are easily decomposed 
(mostly by aerobic decomposers), and therefore, produce particulate detrovitrinite (Diessel, 
1992). Skeletal vitrinite could be mainly derived from this type of vegetation. However, the 
thick cutinite (crassicutinite, Plates 3d to 3f) in most samples indicates that some organic 
matter at least was derived from sclerophyllous plants.
The variations in the petrographic properties of Condor coals, both vertically and laterally, 
also probably reflect the effects of paleotopography of peat swamp system. After studying 
the dendritic fluvial/lacustrine mire system at Tasik Bera, Malaysia, Phillips and Bustin 
(1998) stated that an irregular topography in a basin, supplied by a dendritic stream system 
and infilled with peat, results in discontinuous coals, onlapping the basement and varying 
greatly in thickness and lithology. At Tasik Bera, the basal topography also influenced 
aspects of maceral distribution and coal quality in the basal coal benches (layers).
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Among the three environments of deposition in Tasik Bera mire system, the limnitic 
environment, which has small patches of open water to depths of 2 m, has very fine-grained 
allochthonous humic peaty sediments with a high fine-grained silt content and a large algal 
component. The littoral or reed marsh environment, surrounding the open water area and 
with water depths of 0.8 m, is dominated by sedges and the woody shrub Pandanus\ both 
plant types have a large subaqueous biomass. These plants formed a hypautochthonous 
woody peat with a moderate to high very fine-grained silt content. Forest swamps, which 
occupy most of the mire area, contribute autochthonous woody, fibric to humic peaty 
sediments with low to moderate clay mineral contents. Except for the marked difference in 
algal content (the Condor coals have no algal material), the general geological and 
petrographical similarities between likely precursor peats for the Condor coals and the 
modem Tasik Bera mire system are striking. This suggests that the depositional 
environment of the Condor low ash coal, high ash coal and shaly coal can be broadly 
analogous to the flooded forest swamp and reed marsh environments of the Tasik Bera 
fluvial/lacustrine mire system. However, the lack of alginite in the Condor coals has 
important implications.
When the Condor data are plotted on the Gelification Index and Tissue Preservation Index 
diagram of Diessel (1986) a small number of the low ash coals plot in a marsh environment 
with limited influx of elastics and a wet forest swamp (Fig. 6.3). However, most of the 
samples plot outside the limits of the diagram. This is quite understandable given that the 
Condor coals, especially high ash coal and shaly coal, contain little telovitrinite and rare 
inertinite. Telovitrinite and inertinite macerals are the major determinants for the TPI and 
GI diagram.
Plotting the Condor data on the GWI/VI diagram of Calder et al. (1991) shows that the 
coals have high GWI values (above 5) and low VI values (less than 1) (Fig. 6.4) and were 
formed in an “ inundated marsh” . Interestingly, some low ash coal from CDD154 and
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CDD112 plot in the area of swamp forest. The high GWI values for most of the high ash 
coal and shaly coal would indicates that the peat swamp was frequently flooded if this 
model is applicable.
In another attempt to assess coal facies and depositional environments for the Condor coals, 
the facies-critical maceral model of Mukhopadhyay (1986) was also selected because it 
appears to be more suitable for low rank coals. On this model, Condor coals plot in the wet 
forest swamp to open marsh regions (Fig. 6.5). These coals supposedly experienced 
increasing maceration and bacterial activity compared to coals formed in many other 
environments. The plots for the Condor coals imply the watertable in the ancient peat 
swamp environment in which the Condor coals were deposited was high enough to prevent 
accumulation of large amounts of oxidized components such as fusinite and semifusinite.
When plotted on another facies model, that proposed by Singh and Singh (1996) which is 
based on maceral composition and mineral contents, the Condor coals plot as wet, low 
lying mires with variable flooding conditions (Fig. 6.6). The low ash coal plots close to 
huminite (= vitrinite) + liptinite comer, representing the field of wet mires. High ash coal 
and shaly coal are concentrated in the field of wet mires with intermittent, moderate to high 
flooding.
The observed increase in low ash coal in the upper part of drill hole CDD 112 indicates that 
the area where this hole was drilled was probably covered by an extensive growth of woody 
plants with a low level of degradation (forest swamp). The low detrital mineral content 
indicates these coals probably formed away from, or higher than, normal flood water level. 
In this location, peat may have been immediately covered by clastic sediment during 
intensive flooding, therefore, decreasing the opportunity for bacterial activity and 
subsequent decomposition of the woody tissue.
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The high proportion of high ash coal and shaly coal in CDD 154 and CDD 46 is interpreted 
as indicating a low-lying part of the peat swamp (open marsh) with a significant clastic 
sediment input. Periods of excessive sediment influx gave rise to the claystone layers. 
Where the organic input was voluminous, shaly coals, carbonaceous shale and high ash 
coals were formed. The large variation in telovitrinite reflectance (Fig. 5.12) for samples 
from this area also indicates partial oxidation resulting from fluctuations of the water table 
caused by the periodic influx of oxygen-rich flood waters from time to time.
Based on the mineral assemblages and maceral composition, it is assumed that:
1. The Condor coal succession, that is, the Lilypool subunit, was deposited in a 
fluvial/lacustrine mire system. Accommodation space available for peat accumulation 
was governed by combined the global climatic changes and subsidence which was the 
result of movement along the hanging wall of the slightly tilting fault blocks caused 
by the increasing weight of sediment as the basin filled. The northern part of the basin 
was dominated by a peat swamps with dense luxurious plants. Damming of the 
groundwater gave rise to a high watertable and this resulted in waterlogged, sediment- 
starved conditions favourable for peat accumulation and preservation. The southern 
part of the basin was frequently flooded thus not allowing peat swamps to develop 
fully.
2. Autochthonous peat formation occurred in wet, low lying mires derived from wet 
forest swamp to open marshes with variable flooding conditions. The variations in the 
climate (humidity, rainfall and temperature) controlled the growth of vegetation, 
degree of oxidation and accumulation of humic matter. Periodic flooding deepened the 
waters and buried the accumulating plant matter. Sporadic dry periods resulted in 
significant lowering of water levels and intermittent subaerial exposure with 
subsequent oxidation of the organic matter.
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3. The western part of the basin, near drill hole CDD112, is interpreted as a forest 
swamp. Peat with a relatively high wood content, and only a small clastic detrital 
content, was deposited and this formed a coal characterised by relatively high texto- 
ulminite and low ash contents. During periods when the groundwater table was 
relatively high, the fallen trees and other plant debris underwent limited decay and 
humification because aerobic conditions were almost immediately eliminated as a 
result of a cover of clastic sediment introduced by flooding. At the time of peat 
accumulation, the detrital input was limited. Inherent plant ash, resulting from 
mineralisation of the biogenetic matter, as discussed by Grosse and Brauckmann 
(1980) may have infilled ulminite and some skeletal vitrinite but to a lesser extent than 
in the shaly coals and carbonaceous claystone. The most important contributors of 
mineral matter were floods.
4. The eastern area (represented by drill hole CDD46 and possibly drill hole CDD112) is 
assigned to a low-lying part of the peat as indicated by high ash coal, shaly coal and 
carbonaceous shale interbreeds. This area experienced a fluctuating water level with a 
relative luxuriant plant growth in the swamps but dominated probably by woody 
shrubs. Because intermittent, moderate to high flooding and sporadic dry periods, the 
water was oxygenated, and consequently, the peat were highly decomposed. Due to 
the neutral to slightly alkaline nature of water, which favours the destructive activity 
of bacteria and other microbes, most of the cellulose, lignin, protein, or their early 
diagenesis products, were completely decomposed under aerobic conditions and only 
highly resistant solid residual organic matter concentrated in sediments. The swamp 
was constantly supplied with clastic detritus leading to deposition of clay minerals, 
quartz and siderite.
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Figure 6.1 Facies diagram for Condor coals based on the mineral matter and macerals. 
HT = telovitrinite; HD = detrovitrinite; HC = telogelinite; I = Inertinite;
L = liptinite; MM = mineral matter; B = bight coal; BB = bright banded coal; 




Figure 6.2 Petrographic composition of selected Tertiary coals from Australia and other 
countries, data from Table 3.7.
2 0 4
205
0 0 5  1 15 2 2.5 3 35












1 1.5 2 
T P I







0.1 -1 1 i i i i
0  0 .5  1 1.5 2 2 5 3  3 .5
T P I
Figure 6.3 Condor coals ploiled on Diessel facies diagram (1986). Li = limited influx; O-MARSH = open marsh; VIT = 
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Figure 6.5 Suggests# peat-forming environments for Condor coals as plotted on 
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Figure 6. 6 Condor coal plot on the facies diagram of Singh and Singh (1996).
2 0 8
209
Table 6.1 Introduction of diagenetic CO2 within different diagenetic zones and the minerals precipitated in each zone.
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n* 10 + 7 0 H
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2 C H X > + S O A  - »  2 C O ,  +  S 2- + 2 H 20 - 2 5
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After Irwin and Curtis (1977).
Tabic 6.2 Summary of basin type, dcpositional environment and petrographic composition oi some 'tertiary coals
A u stra lia
L atroh e
G e rm a n y
R hine
In d o n es ia
K a lim a n ta n
India
J a m m u
C h in a
B a ip a o
A u stra l ia
C o n d o r
E p o ch
E o c e n e  - M i o c e n e M i o c e n e - P l i o c e n e E o c e n e ,  M io c e n e ,  
P l io c e n e
P a le o c e n e -
M io c c n e
E o c e n e - O I i g ic e n e E o c e n e
B a s in  T y p e F o re la n d  b asin F ore lan d C o n t in en ta l  m argin F ore lan d In term o n la n e In lcrm o n ta n c
D c p o s i t io n a l
e n v ir o n m e n t
O m b r o g e n o u s  forest  
s w a m p  to l im n ic
O m b r o g e n o u s  forest  
s w a m p  to l im n ic
D e lta ic ,
o m b r o g e n o u s  forest  
s w a m p
F lu v ia l  l im n o -  
tc lm a t ic
L a cu str in e F lu v ia l /  lacustr ine
P a le o e l im a te W a rm  to c o o l  and w et S u b tro p ica l  to  
tropical
H u m id ,  tropical H u m id  su btrop ica l W a rm  to c o o l H u m id ,  tropical to  
su btrop ica l
Plora S u b tro p ica l  ra in forest ,  
m ix e d  forest
S u b trop ica l  to 
trop ica l ra inforest  
m ix e d  forest
T ro p ica l  ra inforest S u b tro p ica l  to w arm  
tem p era te  rainforest

















c V itrin ite 7 6  -  9 5 8 0  -  95 8 1 - 9 5 6 7  -  9 3 1 - 2 4 7 9  -  97
L iptin itc 5 -  17 1 -  12 2 - 1 5 0 . 6  -  3 7 1 - 7 9 2-20
Inertinite tr. -  5 tr. -  3 1 - 7 2-20 1 - 3 tr.
M inera l
m atter (r. - 1 tr. tr. - 3 7  - 31 1 - 2 4 5 - 6 0
C o a l  rank S o ft  b ro w n  to  
m e d iu m - v o la t i l e  
b itu m in o u s
S o ft  b ro w n  to lo w  
v o la t i le  b i tu m in o u s
S o ft  b ro w n  to h igh  
v o la t i le  b i tu m in o u s
L o w  v o la t i le  
b itu m in o u s
S o ft  b row n S u b -b i tu m in o u s  to  
h ig h  v o la t i le  




Tertiary coals are characterised by thick seams (many more than 50 m), high moisture 
content (more than 50%) and generally low percentages of inertinite (less than 5%) and 
sometimes relatively higher liptinite contents. Many thick, good quality coal deposits occur 
in foredeep basins within Middle to Late Eocene and Early to Middle Miocene sequences 
that were deposited when tropical to subtropical climates favoured luxuriant vegetation 
growth.
Peat deposits form in depositional environments where the accumulation rate of organic 
material approximately equals the subsidence rate and predominantly wet conditions are 
maintained. Various methods including maceral contents and associations, mineral contents 
and lithotype facies have been widely used to assess depositional environments and ancient 
peat deposits. Most of these models do not work satisfactorily for coals from the Condor 
oil shale deposits.
Australian Tertiary coal measures are generally grouped into coals of Palaeogene 
(Palaeocene to Eocene) and Neogene (Oligocene to Miocene) age. Palaeogene coal 
measures are found in non-marine sequences and are characterised by thin coal seams (10 
to 30 m), moderate ash yields (12% to 15%) and moderate sulphur (2% to 3%) contents. 
These coals were derived from small flooded planar, rheotrophic peat swamps. In contrast, 
Neogene coals, represented by the Latrobe Valley coals, are thicker (30 m to 130 m), 
contains less ash (less than 5%) and low sulphur (less than 1%). These latter coals are 
derived from thick ombrogenous, oligotrophic peats deposited in slowly subsiding basins. 
Similar trends are also found in other Tertiary coal basins throughout the world.
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The Condor coal of eastern Queensland is located stratigraphically in the Lilypool subunit 
of the Lethebrook unit which is part of the Tertiary Hillsborough Basin sequence 
comprising oil shale, coal, shaly coal and fine-grained clastic sediments. The coal-bearing 
Lilypool subunit was deposited during the Eocene to Miocene in a fluvio-lacustrine 
environment.
The major objective of this study was to determine the coal properties and use to provide a 
better understanding of the depositional environments of the coals.
Data collected specifically for this study comprised organic petrographic data for 72 
samples from three drill holes of Hillsborough Basin. These holes were drilled by Southern 
Pacific Petroleum NL and Central Pacific Minerals NL in the early 1980s as part of their oil 
shale exploration program. For coal and shaly coal samples, the maceral composition was 
determined by point counting techniques, with an average of 500 points per sample; the 
mean maximum reflectance (Rvmax) was measured as set out in the Australian Standard.
Routine analysis using X-ray diffraction was carried out on all coal, shaly coal and 
claystone samples. The major minerals were identified from d-spacings. Relative peak 
intensities and optical microscopy were used to assess relative abundances of the minerals 
and their associations.
The interpretation of these data, together with existing published and unpublished data 
obtained from a literature review of some well-characterised Tertiary coal models and 
methodologies form the basis for determining the depositional environment of the Condor 
coals. The results from this study will be applicable to other Tertiary coal-bearing basins in 
Queensland, at least in those basins that formed in similar geological conditions.
7.2 CONCLUSIONS
This thesis has made a significant contribution to the understanding of the organic 
petrography of Condor coals and thus forms the basis for a critical appraisal of the
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depositional environments of these coals and other lacustrine Tertiary basins in Queensland. 
Specific conclusions are:
1. Vitrinite is the dominant maceral group in Condor coals (range of 79% to 95%, 
average of 85%, mmf). It comprises mostly telovitrinite (range of 10% to 60%, 
average of 34%) and detrovitrinite (range of 30% to 70%, average of 50%) with 
minor gelovitrinite. Eu-ulminite is the dominant telovitrinite maceral and skeletal 
vitrinite is the dominant detrovitrinite macerals. Corpogelinite is the dominant 
gelovitrinite maceral and commonly occurs with ulminite derived in part from the 
cortex of rootlets and/or stems.
Liptinite is abundant in all coal and shaly coal samples ranging from 5% to 25% with 
an average of 13%. Liptodetrinite, cutinite and exsudatinite are the most common 
liptinite macerals with sporinite, suberinite, resinite and fluorinite of minor 
abundance. Resinite occurs as discrete bodies, concentrated in distinct layers and in 
some cases is zoned. Both well-preserved tenuicutinite and crassicutinite occur in 
clarite layers.
Exsudatinite content ranges from 0.4% to 6.2%, average of 0.8%. Five types of 
exsudatinite, based on morphology, occurrences and association with presumed 
precursor maceral, have been distinguished:
- Type I exsudatinite has bright greenish-yellow to yellow fluorescence and 
infills irregular cavities; it is derived from resinite.
• Type II exsudatinite, the most common form, is associated with corpogelinite 
and eu-ulminite in layers of clarite; it has light brown internal reflections, bright 
yellow fluorescence and is thought to be a mobile fraction generated from 
vitrinite and liptinite.
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- Type III exsudatinite infills small cleats in eu-ulminite and is associated with, 
and derived from, resinite and cutinite; it has greenish-yellow fluorescence with 
relatively lower intensity than its precursor liptinite.
- Type IV exsudatinite infills irregular cavities and fractures and is commonly 
associated with, and derived from, eu-ulminite; it has greenish-yellow to dull 
orange fluorescence with relatively low intensity.
- Type V exsudatinite occurs as irregular infillings of different sizes and shapes 
in resinite or ulminite; it has variable fluorescence intensity, with colours 
ranging from dull orange to bright yellow; this exsudatinite is believed to be a 
fractionation product of an earlier-formed exsudatinite derived from vitrinite 
and liptinite macerals with the lighter components having been removed.
Inertinite content of Condor coals is generally very low with sclerotinite the most 
abundant maceral.
2. Mineral content of the coal and shaly coal generally ranges from 5% to 60% with an 
average of 29%. The mineral matter consists predominantly of quartz and clay 
minerals with minor siderite and rare pyrite.
Three mineral assemblages are recognised:
- Mineral Assemblage A is dominated by quartz and clay minerals with siderite 
and pyrite minor components; this assemblage is found in sandstone, 
carbonaceous shale and shaly coals that have more than 50% mineral matter.
- Mineral Assemblage B has co-dominant quartz and clay minerals; siderite and 
pyrite occur in minor to trace amounts; this assemblage is found in coals with 
15% to 30% of mineral matter.
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- Mineral Assemblage C is dominantly a clay assemblage with kaolinite and 
mixed layers the dominant minerals; siderite and pyrite are normally not 
present; this assemblage is common in coals with less than 15% mineral matter;
3. Based on the petrographic properties and mineral assemblages, the Condor samples 
can be divided into four groups as follows:
i. low ash coal with interbedded bright layers and dull layers dominated by vitrite 
and cutinite-rich clarite respectively and Mineral Assemblage C; telovitrinite is 
dominant vitrinite maceral;
ii. high ash coal dominated by liptinite-rich clarite and clarite-related 
carbominerite, and Mineral Assemblage B; skeletal vitrinite and telovitrinite are 
the dominant vitrinite macerals;
iii. shaly coal composed mostly of clarite-related carbominerite and Mineral 
Assemblage A. Skeletal vitrinite, fine-grained eu-ulminite and liptodetrinite 
are the dominant macerals; and
iv. carbonaceous shale and sandstone contain mostly quartz and clay minerals 
with minor siderite (Mineral Assemblage A).
4. Siderite is the most common carbonate mineral with contents ranging <0.2 to 12.6%. 
It commonly occurs as spherical nodules or ‘spherules’ in shaly coals and high ash 
coals where skeletal vitrinite is a major component. Pyrite occurs mostly as 
framboidal or massive pyrite in coal; some pyrite is found in the core of siderite 
nodules.
The siderite-ffamboidal pyrite formed in a four sequential stage process.
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i. at the surface of peat or within a few centimetres of sediment/water interface, 
the organic matter underwent severe oxidation under suboxic conditions. 
Siderite with relatively high Fe2+/Mg:+ ratio was precipitated as a result of the 
oxidisation of H2S and the presence of large amounts of dissolved iron in the 
water;
ii. after further burial, the organic-rich sediments underwent a period of 
bacterially-mediated sulphate reduction which produced dissolved HS" ions; 
ffamboidal pyrite was precipitated;
iii. methanogenesis enriched pore-water HCO3" and lead to the formation of low 
Fe2+/Mg2+ siderite zones around the earlier-formed siderite; and
iv. The post-depositional tectonic activity or uplift of the basin leads to the 
formation of fractures in the peat and descent of meteoric water in the peat. 
Massive pyrite was precipitated along fractures and in small fracture in siderite 
grains.
5. The Condor coals are of sub-bituminous to high volatile bituminous rank with 
average vitrinite reflectance (Rvmax) values generally ranging from 0.4% to 0.78%.
Vitrinite reflectance is related to vitrinite type. The reflectance for corpogelinite is 
approximately 0.06% to 0.1% higher than for co-existing eu-ulminite. Vitrinite 
reflectance increases with depth.
6. The petrographic properties of the Condor carbonaceous rock sequence suggest that 
the rocks have good to excellent hydrocarbon generation capacity. Given that many 
authors believe exsudatinite is a product of early petroleum generation, the 
association of exsudatinite with primary liptinite and vitrinite suggests that oil 
generation may have commenced but is still in the early stages.
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7. The abundance of vitrinite, relatively high liptinite and only minor inertinite content 
of Condor samples is similar to the maceral content of the majority of the Tertiary 
coal from elsewhere. Differences in petrographic properties of Condor samples, 
compared to those of other Tertiary coals, can probably be attributed to the influence 
and interaction of tectonic, sedimentary and palaeoclimatic factors, and plant 
precursors. The palaeoclimate is thought to have played a significant role in 
controlling water levels of the parent lake.
8. The onshore Hillsborough Basin was part of a broad, shallow lake that was influenced 
by periodic flooding. The coals in Lilypool subunit were largely derived from low 
lying mires for which the detrital vegetation precursors were typically tropical to 
subtropical rainforest, which grew in a humid tropical to subtropical zone.
- Variations in climate gave rise to intermittent flooding and sporadic dry periods 
as the peat accumulated. Periodic flooding deepened the waters leading to better 
preservation and less alteration of the plant matter whereas dry periods resulted 
in significant lowering of the water level and intermittent sub aerial exposure 
and oxidation.
- A forest swamp, covered the western part of basin with a dense growth of plants 
and contributed to the formation of low ash coal typically relatively well 
preserved texto-ulminite and crassicutinite.
- The eastern part of basin experienced a fluctuating water levels caused by 
intermittent, moderate to high flooding and periodic dry periods which allowed 
a higher level of oxidation in the peat swamp. Consequently, organic matter 
underwent severe degradation leading to the accumulation of organic detritus 
that formed skeletal vitrinite that accumulated with large amount of clastic 
detritus. High ash coal and shaly coals formed in this area. It is believed that
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most of the organic matter deposited in this part of the basin probably is of 
autochthonous origin although a small amount of hypautochthonous, and even 
some allochthonous material, is not discounted.
7.3 FUTURE WORK
This study is the first systematic petrographic study of a Queensland Tertiary coal that 
formed in one of the oil shale-bearing basins. This study has shown that maceral 
associations and mineral associations can be used in the interpretation of the depositional 
environments of the coal-bearing sequence in the Hillsborough Basin. Consequently this 
study makes a significant contribution to the understanding of the depositional 
environments of other Queensland Tertiary coal-bearing sequences that formed in under 
similar conditions. However, due primarily to the scope of this study, and less so to time 
limitations, some significant areas were not studied. Further studies would expand and 
supplement those already made here. Suggested avenues for future work include:
1. Geochemical Analysis of Mineral Matter. A systematic study of isotopic and 
geochemical composition of siderite and pyrite as well as a systematic study of quartz 
and clay minerals would provide additional useful information for the early diagenesis 
of these minerals.
2. Quantitative Study of the Fluorescence Properties of Exsudatinite. As exsudatinite is 
thought to be related to oil generation, further studies may enhance the understanding 
of generation of oil-like substance in the coals and other organic-rich rocks;
3. Maceral Association Models. It appears that much of our present level of 
understanding of botanical and ecological affinities of macerals is based on 
generalities. Thus conventional maceral analysis is a poor avenue for the 
reconstruction of palaeovegetation types. In addition, the existing maceral-based 
facies models are not suitable for Tertiary coals because most of coals contain only a
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small range of telovitrinite and inertinite maceral types. However, it is the macerals of 
these types of organic matter that are abundant and are therefore probably of 
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25577 CDD 154 40 5-42.4 1.3 10.4 .38 4 6 0.5 54.8 0.4 0.4 0.2 2.2 4.6 . . 7.8 TR . 30 8 6.2 0 4 37.4
25578 CDD 154 40.5-42 5 0 6 17.2 35.4 4 0.4 57.6 - 0.8 TR 1.8 8.8 - 0 4 11.8 0 2 0.2 24.8 4 6 1 304
25579 CDD 154 40.5-42 6 0 6 16.8 35.5 3.5 - 56.4 0.2 0.6 TR 0 8 8.2 . 04 10.2 0 2 0.2 266 6 0 6 33.2
25585 CDD 154 50 0-51.0 1.7 14 34.2 2.7 - 52.6 0.8 0.7 0.4 0.5 2 . 0.3 4.9 TR . 39.2 .3 0.3 42.5
25584 CDD 154 51.5-52 0 1.7 28 37.2 4 6 0.6 72.1 0.2 3.9 1.8 0.7 3.7 0 6 1 11.9 0.7 0 7 15 0 3 TR 15.3
25585 CDD 154 52.4-53.3 4 32.6 26.1 5.2 0.7 68.6 l.l 7.6 1.6 0.7 2.1 . 1 14.1 0.3 0 3 164 0 4 0.2 17
25586 CDD 154 54.5-55.5 2 .31.2 23.5 4.4 0.6 61.7 1 .3.8 1 0.7 1.5 0.4 . 8.4 . . 28 1.5 0 4 29  9
25587 CDD 154 55 5-56 .3 2.4 166 29.3 1.7 - 50 0.6 3.6 1.2 0.2 3.1 0.4 0 8 9.9 . . 38 3 1.4 0 4 40 1
25588 CDD 154 56.5-57 5 16 24.2 30.2 2.2 - 58.2 - 2.4 0.4 0.8 4.8 - 0 8 9.2 - . 29 3 2 0 4 32 6
CONTINUI:!)
1 2 3 4 5 6 7 ■ 8 9
23390 CDD 134 67.7-68.7 2.5 36.5 31 1.8 0.4 72 2
23394 CDD 46 963 - 23 36.6 4.4 0.4 64.4
23593 CDD 46 963.5 TK 14.4 45.6 2.8 . 62.8
23596 CDD 46 964 - 11.8 55.6 2.6 . 70
25597 CDD 46 964.8 TK 19.8 48.2 4 TK 72
25598 CDD 46 965.8 0.6 18.4 30 1 . 50
25599 CDD 46 966 13.2 26.6 2.2 - 42
25600 CDD 46 967 7.8 28.8 1.2 - '37.8
25601 CDD 46 968 0.8 24.6 35.6 4.4 0.6 66
25602 CDD 46 969 16.6 57 4.2 TK 77.8
25603 CDD 46 970 4.4 40.6 0.6 - 45.6
23604 CDD 46 970.8 TK 19.4 46.6 3.2 TR 69.2
25605 CDD 46 972 9.4 57.2 4.2 0.6 71.4
25606 CDD 46 972.4 12.2 53.6 4 - 69.8
25607 CDD 46 973 6 26.2 1.4 - 33.6
23608 CDD 46 973.8 5.4 33.6 0.8 - 39.8
25609 CDD 46 974.2 TK 10.8 22 0.6 - 33.4
23610 CDD 46 974.8 3.8 11.8 11.6 0.2 - 27.4
25611 CDD 46 973.5 TK 14.2 45.6 2.6 - 62.4
25612 CDD 46 976 . 6.6 60.6 3.2 0.4 70.8
23613 CDD 46 977.3 0.2 6.8 44.2 4 TK 55.2
25614 CDD 46 980.1 . 5 41.8 1.2 - 48
25615 CDD 46 980.7 .  ' 7 43.4 2.4 0.2 53
25616 CDD 46 981.7 0.2 12.4 42.8 6.8 0.4 62.6
25617 CDD 46 982.5 . 7.6 41.6 6.2 0.4 55.8
25618 CDD 46 982.9 0.2 4.6 42.6 2 - 49.4
25619 CDD 46 984.3 - 5.4 46.4 1.4 - 53.2
25620 CDD 46 984.7 TK 23.2 40 6.8 1.2 71.2
25621 CDD 46 985 TK 12.4 30.8 1.6 - 44.8
23622 CDD 46 985.9 - 8.6 30.4 1.6 - 40.6
25623 * CDD 46 986.5 - 6 34.8 1.4 - 42.2
25624 CDD 46 987 - 17 36.4 4.4 0.8 58.6
25625 CDD 46 987.3 - 13.6 31.1 4.4 1.2 50.3
23626 CDD 46 988.5 TK 25.8 41.2 5.8 1.4 74.2
25627 CDD 46 991.1 - 1.8 19 0.6 - 21.4
25628 CDD 46 977.1 - 6.4 20 1.2 0.2 27.8
25629 CDD 46 984.25 1.8 25.4 24.8 1.4 0.4 53.8
T X U  8  Tcxto-uliiiiiM lc 
K U U  e  Eu-u lniin ilc  
S V  s  Skeletal vilrin iic
C O K  »  Corpogelinile  
l ’O K  s  l ’origelinilc 
SI* s  Sporìniic
CT 8 Cutinilc 
KS 8 Resinile 
HX = Hxsudalinilc
11 12 13 14 15 16 17 18 19 2 0  21
22 23
3 8 ~ T.l 0.7 3 1.2 0.6 106 0.2 16.7 0 3 IR 17
1.4 2.2 9.8 0.4 14 21.2 •
0 4 21.6
0.8 2.4 8.4 11.8 20 4 2 1.2
25.4
1.4 0.4 6.2 9.6 0.6 18.2 112 0 6 IR
11.8
2.6 0.2 2.2 4.4 - 9.6 17.2 • 1.2
18.4
1.6 0.6 2.6 3.6 - M.6 40 8 * 0 6
41.4
0.6 0.4 3 2.8 0.8 8 45.2 3 6 1.2 50
0.4 0.4 1.4 2.4 0.4 5 43.8 126 0.8 57.2
3.4 0.4 3.2 I I 0.2 • 18.6 15.4 * TR 15.4
0.6 0.4 3.6 11.2 • 15.8 6.4 • - 6.4
0.6 0.2 2.6 6.6 0 2 10.2 30 8 128 0 6 44.2
0.6 0.4 0.8 2.8 - 4.6 25 6 0 2 0 4 26.2
0.4 0.2 4 8.8 . 13.4 0.2 0.2 14 0 6 0 4 15
0.8 0.8 3 14.2 0.2 19 10 0 4 0 8 11.2
0.6 0.4 1.2 2.6 0.2 5 45 15 4 1 61 4
0.4 0.2 3.6 2.4 0.2 6.8 38 2 14 2 1 53.4
0.4 0.4 0.6 2.6 4 60 2 24 626
0.6 0.8 0.8 2.2 09 8 0 6 IR 70.4
1 0.2 5 7.2 13.6 226 1 0.4 24
0.2 3.4 13.4 17.2 8 2 3 8 * 12
0.6 TU 3.2 4.8 H.6 26.4 9 8 • 36 2
0.2 TR 2.2 6.8 9.2 29.2 13 6 IR 42 8
0.4 0.2 2.6 3.4 6.6 38.8 16 IR 40.4
1 0.2 5.2 14.2 20.8 16.2 0 4 IR 166
1.4 0.4 2.6 11.4 0.2 16.2 26.2 1.2 0 6 28
0.8 0.8 3.2 6 0.6 11.6 38.2 0 8 IR 39
0.4 2.2 5.4 - 8 27.4 9 6 1.8 38.8
1.2 TR 1.4 14.4 . 17.2 TR II 0 6 • 11.6
0.2 TR 1.8 1.8 - 3.8 29.8 188 2 8 51.4
0.6 1.6 1 - 3.2 25.4 27.8 3 56.2
1 0.2 2.2 7 0.2 II TR 41.2 4 1.6 46.8
1.4 0.2 ■ 2 11.4 - 15 26 * 0 4 26.4
1.2 0.2 2 4.5 0.4 8.5 28 4 122 0 6 41.2
1.2 3.2 7.6 . 12 13.2 0 6 IR 13.8
0.4 0 6 . 1 0.2 0.2 58 8 15 8 2 8 77.4
0.4 0.4 1 . 1.8 488 15 6.6 704
1 3 4 • 8.2 35 4 0 6 2 38
L D  = Lip ludcirinìle HY = Hyriic TH = 1 race
SH  = Sobornóle C & Q  = C lay/Q uarU  l ( ) T  = Tulal
I;L  = Fluorinile S D  — Siderilc
A P P E N D I X  2  V I T R I N I T E  R E F L E C T A N C E  D A T A  O F  S A M P L E S  F R O M  C O N D O R  D E P O S I T
G M  NO D R IL L
I IO L K
D E P T I I  ; 
M E T E R S
V IT R IN IT E  R E F L E C T A N C E  S U M M A R Y V IT R IN IT E
S U B - M A C E R A L T O T A L  (M M F)
T E L .  % G E L .  % V I T .% R A N G E , % S D % R E T E L  % D E T  % G E L  % V IT  %  L IP T  % IN E R  %
1 2 3 4 5 6 7 8 9 10 I I 12 1.1 14 15
25544 C D D  112 102.0 0.56 0.63 0.59 0.46 - 0.68 0.05 50 46.2 37.7 3.7 87.6 12.4 0
25545 C I)D  112 10.1.0 0.56 0.59 0.58 0.49 - 0.68 0.05 50 57.3 22.5 14.8 94.6 5.0 0.4
25546 C D D  112 104.0 0.54 0.63 0.57 0.47 - 0.73 0.06 50 27.7 56.4 7.3 91.4 8.1 0.5
25547 C H I)  112 104.0 0.57 0.63 ' 0.59 0.47 - 0.67 0.05 50 33.8 28.6 11.3 73.8 262 0
25548 C D D  112 104.3 0.55 0.60 0.56 0.46 - 0.64 0.04 50 32.4 39.1 13.4 84.9 14.9 0.2
25549 C D D  112 104.6 ; 0 .59 0.65 0.60 0.48 - 0.64 0.05 50 62.1 18.9 9.8 90.9 8.9 0.2
25550 C D D  112 104.9 0.55 0.59 0.57 0.48 - 0.64 0.04 50 19.0 47.5 12.1 78.8 2 1 2 0
25551 C D D  112 105.3 0.59 0.63 0.60 0.53 - 0 .70 0.04 51 56.5 8.9 27.7 9 3 2 6.4 0.4
25552 C D D  112 105.6 0.49 0.54 0.51 0.44 - 0.63 0.05 50 17.7 59.3 11.1 88.1 10.7 1.2
2555.1 C D D  112 108.1 0.55 0.61 0.57 0.46 - 0.73 0.06 50 26.5 55.7 13.5 95.8 3.9 0 2
25554 C D D  112 109.0 0.50 0.52 0.51 0.41 -0.61 0.05 50 33.5 56.1 1.9 92.5 7.5 0
25555 C D D  112 109.3 0.46 0.53 0.49 0.40 - 0.66 0.06 50 8.5 74.0 2 2 84.7 15.3 0
25556 C D D  112 109.5 0.55 0.62 0.57 0.42 - 0.74 0.07 51 26.4 61.3 5.8 93.6 6 2 0 2
25557 C D D  112 109.6 0.54 0.60 0.56 0.40 -  0.67 0.06 51 29.7 61.3 3.8 94.9 4.8 0.3
25558 C D D  112 110.0 0.55 0.61 0.57 0.44 -  0.69 0.05 50 25 2 64.1 4.4 93.7 6.0 0.3
25559 C D D  112 110.3 0.54 0.62 0.56 0.42 -  0.67 0.05 51 9.7 86.1 1.7 97.5 2.5 0
25560 C D D  154 2 8 .3 5 -2 9 .3 0.52 0.59 0.54 0 .4 0 - 0 .6 2 0.05 50 35.0 50.5 3.1 88.7 10.4 0.9
25561 C D D  154 2 9 .3 -3 1 .2 0.50 0.59 0.53 0.40 -  0.62 0.05 50 34.5 45.5 7.1 87.1 122 0.7
2556.1 C D D  154 3 1 .2 -3 2 .1 0.50 0.60 0.53 0.43 -  0.66 0.05 50 26.5 49.8 5.9 822 17.6 0 2
25564 C D D  154 32.1 -3 3 .9 0.52 0.60 0.54 0.45 -  0.68 0.05 50 36.8 38.5 6.2 81.5 182 0.3
25565 C D D  154 33.9 - 34.8 0.52 0.60 0.55 0.40 -  0.66 0.05 50 26.8 43.5 12.3 82.8 16.7 0.5
25567 C D D  154 35.3 - 35.6 0.52 0.62 0.54 0.41 -  0.65 0.06 50 27.4 50.3 6.5 84.4 156 0
25569 C D D  154 3 5 .6 -  36.6 0.52 0.60 0.53 0 .4 2 - 0 .6 5 0.06 50 18.9 63.3 . 5.5 87.8 122 0
25570 C D D  154 3 5 .6 -3 6 .6 0.51 0.60 0.55 0.40 -  0.65 0.06 50 14.8 74.1 4.1 93.0 7.0 0
25572 C D D  154 3 6 .6 - 3 7 .6 0.52 0.61 0.53 0.41 -  0.69 0.06 50 27.5 55.5 6.1 892 9.7 1.1
25574 C D D  154 37.7 - 38.2 0.51 0.61 0.53 0 .4 3 - 0 .6 4 0.05 50 33.9 50.1 4.8 88.9 11.1 0
25575 C D D  154 38.2 • 39.2 0.51 0.60 0.53 0 .4 4 - 0 .6 4 0.05 50 26.6 55.9 4.1 86.6 13.1 0.3
Commut'd
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
25577 C D D  154 40.5 - 42.4 0.51 0.60 0.53 0.40 -  0.62 0.05 50 10.7 60.7 0.1 07.5 12.5 0
25578 C D D  154 40.5 * 42.5 0.51 0.58 0.53 0.41 - 0 .6 4 0.05 50 25.56 50.0 6.3 02.0 17.0
02
25579 C D D  154 40.5 - 42.6 0.51 0.60 0.53 0 .4 2 - 0 .6 5 0.05 50 26.1 53.1 5 2 04.4 15.3 0.3
25583 C D D  154 5 0 .0 -5 1 .0 0.51 0.59 0.53 0.40 -  0.65 0.06 50 27.3 59.4 4.7 91.5 0.5 0
25584 C D D  154 5 1 .5 -5 2 .0 0.51 0.57 0.54 0.41 -  0.63 0.05 50 35.1 43.9 6.1 05.1 14.0 0.9
25585 C D D  154 52.4 - 53.3 0.52 0.60 0.53 0.45 -  0.64 0.04 50 44.1 31.4 7.1 02.7 17.0 0.3
25586 C D D  154 54.5 - 55.5 0.51 0.58 0.54 0.43 -  0.67 0.05 50 47.4 33.5 7.1 00.0 12.0 0
25587 C D D  154 55.5 - 56.3 0.51 0.60 0.53 0.41 -  0.66 0.05 50 31.0 40.9 2.0 03.5 16.5 0
25588 C D D  154 56.5 - 57.5 0.50 0.58 0.53 0 .4 2 - 0 .6 4 0.05 50 30.3 44.0 3.3 06.4 13.6 0
25590 C D D  154 67.7 - 68.7 0.50 0.59 0.53 0.41 -  0.63 0.06 50 47.0 37.3 2.7 07.0 12.0 0.2
25594 C D D  46 963.0 0.56 0.67 0.58 0 .4 8 - 0 .7 2 0.05 50 29.3 46.7 6.1 02.1 17.9 0
25595 C D D  46 963.5 0.60 0.65 0.62 0.53 -  0.74 0.05 50 19.3 61.1 3.8 84.2 15.8
0
25596 C D D  46 964.0 0.60 0.67 0.62 0.51 -0 .7 4 0.05 50 13.4 63.1 2.9 79.4 20 6
0
25597 C D D  46 964.8 0.59 0.68 0.60 0 .4 7 -0 .7 1 0.05 50 24.3 59.1 4.9 88.2 11.8 0
25598 C D D  46 965.8 0.60 0.64 0.63 0.54 -  0.72 0.05 50 32.4 51.1 1.7 85.3 14.7 0
25599 C D D  46 966.0 0.60 0.71 0.63 0 .5 2 - 0 .7 7 0.05 50 26.4 53.2 4.4 84.0 16.0 0
25600 C D D  46 967.0 0.58 0.70 0.60 0.53 -  0.72 0.05 50 18.2 67.3 2.8 88.3 11.7 0
25601 C D D  46 968.0 0.60 0.68 0.62 0.51 - 0 .7 3 0.06 50 30.0 42.0 5.9 78.0 22.0 0
25602 C D D  46 969.0 0.60 0.69 0.62 0.55 -  0.72 0.05 50 17.8 60.9 4.4 83.1 16.9 0
25603 C D D  46 970.0 0.58 0.67 0.61 0.54 -  0.73 0.05 50 7.9 72.7 l . l 81.7 18.3
0
25604 C D D  46 970.8 0.64 0.68 0.66 0.53 -  0.74 0.05 50 26.3 63.1 4.4 93.8 6.2 0
25605 C D D  46 972.0 0.62 0.70 0.65 0.47 - 0.72 0.05 50 11.1 67.3 5.6
84.0 15.8 0.2
25606 C D D  46 972.4 0.62 0.69 0.64 0.54 - 0.74 0:05 50 13.8 60.3 4.5 78.6 21.4 0
25607 C D D  46 973.0 0.54 0.67 0.57 0 .4 7 -0 .7 1 0.05 50 15.5 67.8 3.7 87.0
13.0 0
25608 C D D  46 973.8 0.57 0.63 0.60 0.46 - 0.72 0.05 50 11.6 72.1 1.7 85.4 14.6 0
25609 C D D  46 974.2 0.56 0.65 0.59 0.50 - 0.72 0.05 50 28.9 58.8 1.6 89.3 10.7
0
25610 C D D  46 974.8 0.57 0.64 0.59 0.48 - 0.72 0.05 • 50 52.7 39.2 0.7 92.6 7.4
0
25611 C D D  46 975.5 0.60 0.68 0.62 0.43 - 0.74 0.04 50 18.7 60.0
3.4 82.1 17.9 0
25612 C D D  46 976.0 0.64 0.64 0.66 0.53 - 0.73 0.04 50 7.5 68.8
4.1 80.5 19.5 0
25613 C D D  46 977.5 0.60 0.69 0.62 0.55 - 0.73 0.05
50 10.9 69.3 6.3 86.5 13.5 0
25614 C D D  46 980.1 0.62 0.68 0.64 0.56 - 0.71 0.05 50 8.7 73.1 2.1 83.9 16.1 0
Conlinucd
1 T ! 4 ' 5 6 7 8 9 10 1 1 12 11 14 15
25615 (1)1)46 980.7 0.59 0.68 0.62 0.59 - 0.71 0.05 50 1 1.8 72.8 4.1 88 9 1 l . l 0
25616 ('1)1)46 98 1.7 0.60 067 0.61 0.49 - 0.71 0.05 50 15.2 51.1 8 6 75.1 24 9 0
25617 CDD 46 982.5 0.64 0.67 0.67 0.51 - 0.72 0.05 50 10.6 57.7 9 2 77.5 22.5 0
2561K CDD 46 982.9 0.61 0.72 061 0.58 - 0.78 0.05 50 7.8 69.8 1.1 81.0 19.0 0
2561«) ('1)1)46 «)84.1 0.59 0.68 0.62 0.51 - 0.71 0.05 50 8.8 75.8 2.3 86.9 11.1 0
25620 CDD 46 984.7 0.59 0.66 0.61 0.50 - 0.71 005 50 26.2 45.2 9.1 80.5 19.5 0
25621 CDD 46 985 0 0.59 0.65 0.60 0.51 - 0.68 0.05 50 25.6 6.1.1 1.3 92 2 7.8 0
25622 CDD 46 ‘785.9 0.60 0.64 0.63 0.51 -0.70 0.04 50 19.7 69.4 3.6 92.7 7.1 0
2562.1 CDD 46 986.5 0.59 0.68 0.61 0.52 - 0.72 0.05 50 1 1.1 65.4 2.6 79.1 20.7 0
25624 CDD 46 987.0 0.60 0.67 0 61 0.45 - 0.74 0.05 50 21.1 49.4 7.1 79.6 204 0
25625 CDF) 46 987.1 0.59 0.65 0.61 0.51 -0.72 0.05 50 21.1 52.8 9.6 85.5 14.5 0
25626 CDD 46 988.5 0.57 0.64 0.58 0.5.1 - 0.72 0.05 50 29.9 47.8 8.4 86.1 119 0
25627 CDD 46 991.1 0.54 0.65 0.57 0.51 -0.71 0.05 50 7.9 84.2 2.6 94.7 4.4 09
2562K CDD 46 977.1 0.58 0.62 0 60 0.47 - 0.68 0.06 50 21.6 67.5 4.8 91.9 6 1 0
2562«) CDD 46 984.1 0.58 0.64 0.60 0.51 - 0.69 0.05 50 4.1.8 40.1 2.9 86.8 112 0
TF-L = TR I.O V ITR IN ITR  I.IP T  = L U T IN IT Iî RR = NUMURR O FRH AD IN G
G R L = C .RLO V ITR IN ITR  INRR = IN RRTIN ITR  MM F7 = M IN I-RAI. M A'ITI-R |7R RR
V IT  = V ITR IN ITR  S I) = STAN D ARD  DRVIATIO N
